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ABSTRACT
The notion that the obesogenic potential of high fat diets in rodents is attenuated when the protein:
carbohydrate ratio is increased is largely based on studies using casein or whey as the protein
source. We fed C57BL/6J mice high fat-high protein diets using casein, soy, cod, beef, chicken or
pork as protein sources. Casein stood out as the most efficient in preventing weight gain and
accretion of adipose mass. By contrast, mice fed diets based on pork or chicken, and to a lesser
extent mice fed cod or beef protein, had increased adipose tissue mass gain relative to casein fed
mice. Decreasing the protein:carbohydrate ratio in diets with casein or pork as protein sources led
to accentuated fat mass accumulation. Pork fed mice were more obese than casein fed mice, and
relative to casein, the pork-based feed induced substantial accumulation of fat in classic
interscapular brown adipose tissue accompanied by decreased UCP1 expression. Furthermore,
intake of a low fat diet with casein, but not pork, as a protein source reversed diet-induced obesity.
Compared to pork, casein seems unique in maintaining the classical brown morphology in
interscapular brown adipose tissue with high UCP1 expression. This was accompanied by increased
expression of genes involved in a futile cycling of fatty acids. Our results demonstrate that intake of
high protein diets based on other protein sources may not have similar effects, and hence, the
obesity protective effect of high protein diets is clearly modulated by protein source.
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Background

High protein diets have become increasingly popular as a
mean to prevent obesity development and lose weight.1–4

Yet, solid evidence as to what extent different protein
sources differ in their ability to counteract obesity devel-
opment is still lacking.5 However, a few studies where
rodents were fed diets with standard levels (i.e 18–20
energy %) of proteins indicated that different protein
sources have different obesogenic potential.6–12 Never-
theless, the general notion that high protein diets attenu-
ate obesity in rodents is almost exclusively based on
studies where milk proteins are used as protein sour-
ces.13–22 However, protein sources for human consump-
tion would normally comprise fish and meat. Compared
with proteins from fish and meat, casein and whey have
a high content of branched chain amino acids (BCAAs),
valine, leucine and isoleucine. In particular, leucine is
recognized as a nutrient signal proposed to mediate, at
least in part, the effect of high protein diets on

metabolism.23–26 Thus, experiments with a high dietary
protein:carbohydrate ratio using whey and casein may
not be representative for high protein diets in general.

There are several mechanisms by which diets with a
high content of casein or whey may prevent high fat
diet-induced obesity. A high intake of proteins is in gen-
eral known to have high satiating effect, thereby reducing
energy intake,1,3,4 but importantly, pair-feeding experi-
ments have demonstrated that diets with a high content
of casein also reduce feed efficiency and obesity develop-
ment independently of feed intake.18,19,21 The reduced
energy efficiency may relate to the higher thermic effect
of proteins (20–30%) compared with carbohydrates
(5–10%).27 Furthermore, high protein intake is associ-
ated with augmented energy expenditure due to an
increase in ATP-consuming processes such as protein
degradation and re-synthesis, as well as synthesis of urea.
Moreover, if the dietary carbohydrate level is low, ATP is
required for gluconeogenesis.28,29 Mitochondrial ATP
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synthesis may be impaired by the uncoupling protein 1
(UCP1) expressed in brown or brite (brown-in-white)
adipocytes, also known as beige adipocytes that can be
found together with white adipocytes in several fat
depots.30 As UCP1 allows energy to be dissipated in the
form of heat, its expression is positively correlated with
metabolic inefficiency.31 The number of UCP1-express-
ing adipocytes in different adipose depots varies between
mouse strains and may account for their different pro-
pensity for diet-induced obesity.32,33 Furthermore, Ucp1
expression is upregulated in both mice and rats by sev-
eral pharmacological and nutritional agents,34 including
high protein diets.18,19,21,35 Of note, milk based protein
sources were used in all these experiments.

A more brown phenotype of typically white adi-
pose tissue with a concomitant resistance to diet-
induced obesity can also be obtained by transgenic
expression of UCP1 itself 36 or by modulation of
several key molecules involved in brown adipocyte
differentiation.37 For instance, the lean phenotype of
mice lacking NRIP1 is accompanied by increased
Ucp1 expression in white adipose tissue.38 These
mice are of particular interest, as loss of NRIP1 not
only leads to dissipation of energy via UCP1-depen-
dent uncoupled respiration, but also leads to energy
loss by increasing expression of genes involved in a
futile cycle of triacylglycerol breakdown and synthe-
sis.39 Activation of this futile cycle was earlier
reported to be activated by thiazolinediones and
requires induction of glycerol kinase (Gyk).40 Inter-
estingly, this futile cycle may be activated without a
concomitant upregulation of UCP1, and may play a
key role in regulation of the metabolic flexibility of
both adipocytes and the whole organism.41 It is not
yet known if high protein diets can modulate such a
futile cycle.

Since (i) the protein source in diets with standard
protein levels may influence both Ucp1 expression
and obesity development, and (ii) the perception that
high protein diets protect against obesity development
almost exclusively is based on studies using milk pro-
teins as a protein source, we here aimed to evaluate
the development of obesity in mice fed high fat diets
with a high protein:carbohydrate ratio using different
protein sources.

Results

High fat high protein diets based on cod, beef, chicken
and pork are obesogenic
In order to investigate whether a high protein:carbo-
hydrate ratio attenuates high fat diet-induced obesity
when feed based on isolated casein powder is replaced

by feed based on other protein sources, we prepared
diets using a soy protein isolate or freezed dried mus-
cle fillets from cod, beef, chicken or pork as the pro-
tein sources. Before preparing the diets we measured
the levels of fat and protein, and determined the
amino acid compositions of the different protein
sources (Table 1 and Table 2). As the protein content
varied between the different protein sources, the
amino acid compositions are presented as % of total
amino acids to facilitate comparison. As expected, the
levels of BCAAs were higher in isolated casein than
in the other protein sources (Table 1). Moreover, pro-
teins from cod or meat also had a lower level of phe-
nylalanine than casein. Furthermore casein had lower
levels of arginine, glycine and cysteine, but higher lev-
els of glutamic acid C glutamine, proline and tyrosine
than the other protein sources (Table 1). As expected,
the soy-isolate contained less methionine and lysine
than the other sources (Table 1), but the sulfur-amino
acid requirement for rodents42 was met.

Given the varying content of nitrogen in the different
protein sources, different amounts of these were required
to prepare isonitrogenous diets (Table 2). Furthermore,
as also the levels of endogenous fat in the different pro-
tein sources varied, adjustment of the fat content was
required to prepare isoenergetic diets (Table 2).

Table 1. Compositions of the different protein sources.

Casein Soy Cod Beef Chicken Pork

Protein (g/100g) 90 86 89 76 90 87
Fat (g/100g) 0.2 1.3 2.7 17.6 6.3 4.7
AA1 (% of total AA)
Indispensable

Leu 8.9 7.8 8.2 8.4 8.4 8.3
Ile 4.7 4.5 4.6 4.6 5.0 4.8
Val 6.1 4.6 5.0 4.8 5.2 5.1
Lys 7.6 6.4 9.3 9.3 9.8 9.5
Met 2.9 1.6 3.5 3.1 3.3 3.2
Phe 4.7 5.1 4.1 4.0 4.1 4.0
Thr 4.0 3.7 4.5 4.5 4.7 4.7
Trp 1.1 1.3 1.1 1.2 1.2 1.2
His 2.5 2.4 2.0 3.0 3.2 4.1

Dispensable
Ala 2.9 4.2 6.1 6.1 6.2 5.9
Arg 3.1 6.8 6.0 5.9 6.1 5.9
Asp C Asn 7.0 12.2 10.7 10.0 10.3 10.3
Cys 1.3 2.5 2.3 2.4 1.9 2.0
Glu C Gln 21.6 19.8 15.6 16.1 15.7 15.9
Gly 1.7 3.8 4.7 4.5 4.2 4.0
OH-Pro � 0.1 � 0.1 0.4 0.5 0.2 0.2
Pro 10.2 5.1 3.6 3.8 3.6 3.6
Ser 5.4 5.2 4.6 4.1 4.0 4.0
Tyr 4.4 3.1 3.1 3.0 3.0 3.1
Sum BCAA2 19.7 16.9 17.8 17.8 18.6 18.2
Tau � 0.1 � 0.1 0.5 0.7 � 0.1 0.2

Note. Abbreviations are: AA, amino acid; OH-Pro, hydroxyproline; Tau, taurine
All values represent mean of triplicate measurements.
1To facilitate comparison amino acid compositions are presented as g/100g
amino acids.

2Sum BCAA represent the sum of Leu, Ile and Val.
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Accordingly, we measured the fatty acid compositions in
the diets (Table 3). Since beef contained more endoge-
nous fat than the other protein sources, less corn oil was
used in the preparation of the beef-containing diet
(Table 2). Thus, the beef-based diet contained more satu-
rated fat and less n-6 polyunsaturated fatty acid (PUFA)
linoleic acid than the other diets (Table 3). As expected,
the marine n-3 PUFAs, eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) were present in the cod
based diet, but although at lower levels, they were also
present in the diets prepared using beef, chicken and
pork (Table 3).

In agreement with our earlier studies,18,19,21 the mice
fed the high fat, high casein diet did not gain more body
mass than mice fed a low fat reference diet (Fig. 1A).
Mice fed a high proportion of casein protein had signifi-
cantly lower eWAT and iWAT masses than mice fed the
casein-based HF/HS reference diet (Fig. 1B-C). Fat
masses in mice fed a high proportion of soy and cod did
not differ significantly from those fed the casein-based

HF/HS diet (Fig. 1B-C). Strikingly, compared with mice
fed the casein-based HF/HS diet, mice fed diets with
high content of proteins from beef, chicken and pork
had significantly higher fat masses (Fig. 1B-C).

Replacement of casein with cod, but not any other
protein sources, led to a reduced feed intake (Fig. 1D).
Consequently, compared with casein, feed efficiency was
higher with all other protein sources tested, with the
exception of soy (Fig. 1E). Based on intake and excretion,
the apparent digestibility of fat in the cod containing diet
was lower than in the casein based diet (Fig. 1F), and the
apparent nitrogen digestibility of soy and beef protein
was lower than of casein (Fig. 1G). Importantly however,
the high obesogenic potential of the pork- and chicken-
based diets did not correlate with increased fat or nitro-
gen digestibility.

Protein source and amount modulate the
obesogenic effect of high fat diets

To further analyze the influence of protein intake and
source, we performed a second experiment using a facto-
rial design with protein:carbohydrate ratio and protein
source as categorical predictors. Mice fed casein and
pork represented the extremes in experiment 1, and
therefore casein and pork were chosen as protein sour-
ces. As expected, body weight gain and fat mass, as deter-
mined by nuclear magnetic resonance (NMR), in mice
fed a high proportion of casein were comparable to mice
fed the low fat reference diet after 8 weeks of feeding
(Fig. 2A-B), also verified by dissection of different adi-
pose tissue depots (not shown). Both protein level and
source influenced on body weight gain and fat mass
(Fig. 2A-B), whereas lean masses were comparable
(Fig. 2C). Casein fed mice were less obese than pork fed

Table 2. Composition of the high fat high sucrose diets and the high fat high protein diets with different protein sources.

High fat high sucrose High fat high protein Low fat

Protein source1 Cas Pork Cas Soy Cod Beef Chic Pork Cas Pork

Energy2 (kJ/g diet) 23 23 24 24 23 24 24 24 18 18
Component (g/kg diet)
Casein 200 400 200
Soy 419
Cod 404
Beef 474
Chicken 400
Pork 207 414 207
Fat from protein source 3 0.4 9.6 0.8 5.4 10.9 83.3 25.2 19.3 0.4 9.6
Corn oil 250 240 249 245 239 167 225 231 70 60
Sucrose 440 440 210 210 210 210 210 210 90 90
Dextrin 10 12 40 26 46 49 65 45 540 543

Note. 1Abbreviations are: Cas, casein; Chic, chicken.
2Analyzed values represent mean of triplicate measurements.
3The calculated contribution of fat present in the protein sources. Calculation is based on data presented in Table 1.
All diets were supplemented with 0.01 g/kg t-Butylhydroquinone, 35 mg/kg AIN93G mineral mix, 10 mg/kg AIN93VX NCR95 compliant vitamin mix, 3g/kg L-cys-
tine, 2.5mg/kg choline bitartrate and 50g/kg cellulose.

Table 3. Fatty acid compositions of the high fat high protein
diets with different protein sources.

Fatty acid (g/kg diet) Casein Soy Cod Beef Chicken Pork

Sum saturated 32.9 31.6 33.6 55.3 37.0 43.3
16:0 25.4 24.5 26.0 33.2 27.3 31.3
18:0 5.4 5.1 5.3 16.7 7.1 9.0
Sum monousaturated 74.6 72.0 74.0 78.4 79.4 89.6
18:1 (n-9) 72.1 69.6 70.7 71.3 75.6 84.7
Polyunsaturated 141.6 136.6 133.7 96.5 129.3 135.9
18:2 (n-6) 138.9 134.1 127.3 92.4 125.2 132.2
20:4 (n-6) <0.01 0.02 0.14 0.61 0.31 0.68
18:3 (n-3) 2.0 2.0 2.1 2.2 2.4 2.3
20:4 (n-3) <0.01 <0.01 0.92 0.41 0.11 0.04
22:6 (n-3) <0.01 <0.01 2.23 0.07 0.48 0.09
n-6/n-3 ratio 52.7 53.6 23.5 27.2 35.5 48.7

Note. The values represent mean of triplicate measurements.
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Figure 1. Effect of high fat high protein diets with different protein sources on body mass, body composition and digestibility. Male
C57BL/6J mice were fed a high fat diet with a low protein:carbohydrate ratio (HF/HS) using casein as the protein source or high fat diets
with a high protein:carbohydrate ratio (HF/HP) using different protein sources for 11 weeks. Mice fed a low fat regular diet (RD) were
used as a reference. (A), Body mass development was recorded during the first 8 weeks. B-C , After 11 weeks epididymal white adipose
tissue (eWAT) (B) and inguinal white adipose tissue (iWAT) (C) were dissected out and their masses recorded. D-E, Energy intake (D) and
feed efficiency (E) were calculated based on data collected during the first 8 weeks of feeding. F-G, Apparent fat (F) and nitrogen (G)
digestibility were calculated based on feed intake and feces collection during the 7th week of feeding. Data represent mean § SEM
(n D 9). Different small letters denote significant differences between the groups (p < 0 .05).
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mice, but increasing the protein:carbohydrate ratio
attenuated obesity development irrespectively of the pro-
tein source (Fig. 2B). As feed intake was similar in all 4
groups (data not shown), calculation of feed efficiency
mirrored body weight gain (Fig. 2D). Feed efficiency
was, however, not directly linked to digestibility, as fat
digestibility was higher following intake of the casein-
based feed with a high protein:carbohydrate ratio com-
pared to intake of a feed with low protein:carbohydrate
ratio (Fig. 2E). No differences in fat digestibility were
observed comparing mice fed the pork-based feed
(Fig. 2E). Furthermore, apparent nitrogen digestibility
was also higher in mice fed a high protein:carbohydrate
ratio diet, independent of protein source (Fig. 2F). Thus,
feed efficiency was not directly related to digestibility of
neither fat nor nitrogen.

Glucose tolerance and insulin sensitivity mirrored fat
mass in the mice (Fig. S1). Thus, decreasing the protein:

carbohydrate ratio impaired insulin sensitivity and glu-
cose tolerance. However, mice fed pork-based diets
exhibited a more pronounced impairment in insulin sen-
sitivity and glucose tolerance than mice fed the casein-
based diets (Fig. S1). The observed chronic elevated lev-
els of BCAAs in mice with disrupted mitochondrial
branched chain aminotransferase, BCATm-KO mice,
have been associated with increased energy expenditure,
protection against diet-induced obesity and improved
insulin sensitivity.43 Compared with pork protein, the
levels of BCAAs in casein are higher (Table 1). Interest-
ingly, analysis of the amino acid profile in plasma col-
lected from mice that were feed deprived for 4 h revealed
that the circulating levels of Val, Leu and Ile were indeed
higher in casein than in pork fed mice (Table 4).

Plasma levels of urea and hydroxybutyrate were
higher in mice fed casein than in mice fed pork, suggest-
ing that catabolism of both protein and fat were higher

Figure 2. Effect of high fat diets with high and low protein:carbohydrate ratios on body mass gain, body composition and digestibility.
Male C57BL/6J mice were fed a high fat diet with a low protein:carbohydrate ratio (HF/HS) or a high protein:carbohydrate ratio (HF/HP)
using casein or pork as protein sources for 11 weeks. The mice were feed-deprived 4 h before blood collection and termination. (A),
Body mass development was recorded and body weight (BW) gain calculated during the first 8 weeks of the trial. B-C, Fat mass (B) and
lean mass (C) were measured after 8 weeks of feeding. D, Feed efficiency was calculated based on data collected during the first 8 weeks
of feeding. E-F, Apparent fat (E) and nitrogen (F) digestibility were calculated based on feed intake and feces collection during the 7th
week of feeding. G-I, Plasma levels of urea (G), hydroxybutyrate (H) and free fatty acids (FFAs) (I) were measured in plasma collected at
termination. Data represent mean § SEM (n D 9). Significant differences (p < 0 .05) between the protein sources are presented with
different letters and differences between high and low protein:carbohydrate ratio with�.
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in casein than in pork fed mice (Fig. 2G-H). Moreover,
plasma levels of free fatty acids (FFAs) were higher in
casein than in pork fed mice, suggesting increased lipoly-
sis (Fig. 2I). The protein:carbohydrate ratio did not mod-
ulate plasma levels of FFAs or hydroxybutyrate, but as
expected, plasma levels of urea were higher in mice fed a
high proportion of proteins (Fig. 2G).

We utilized indirect calorimetry to evaluate diet-
induced differences in metabolism between HF/HS or
HF/HP diets using casein or pork as protein sources. To
determine changes independent of those associated with
weight gain, these analyses were performed during the
period of 24–72h after the shift to the experimental HF/
HS or HF/HP diets. Body weight, calorimetry and activ-
ity measurements of the mice on low fat reference diet
before the shift to experimental diets showed no differen-
ces between groups (Fig. S2). After the shift to experi-
mental diets, we observed a tendency toward increased
total activity in the mice fed casein compared to mice fed
pork (p D 0.072) over the 48 h period (Fig. 3A-B).
Energy expenditure (EE), illustrated as EC50 of the per-
cent relative cumulative frequency (PRCF), showed com-
parable values between the 4 groups (Fig. 3C-D).
However, an effect of protein source was observed on the
EE hill slope, indicating a larger EE range for the casein-
fed mice (Fig. 3E). As expected mice fed the HF/HP diets
had lower RER compared to those fed HF/HS diets
(Fig. 3F-G), hence less carbohydrates were used as
energy source. In addition, the protein source had signifi-
cant effects on the RER hill slope, indicating higher met-
abolic flexibility in the casein-fed mice (Fig. 3H).

Protein source and protein:carbohydrate ratio
modulate iBAT morphology and expression of genes
involved in futile cycling of fatty acids

To investigate whether an increased protein:carbohy-
drate ratio leads to an increased number of brite adipo-
cytes in iWAT, histological examinations were
performed. Increasing the protein:carbohydrate ratio led
to smaller adipocytes in iWAT in mice fed either the
casein-based or the pork-based HF/HP diets compared
to mice fed the corresponding HF/HS diets (Fig. 4A-B).
Of note, the adipocytes in iWAT of casein fed mice were
smaller than adipocytes from pork fed mice comparing
either the HF/HS or the HF/HP diets (Fig. 4A-B).
Expression levels of marker genes for brown/brite adipo-
cytes in iWAT were not significantly altered by either
the type or amount of dietary protein (Fig. 4C). UCP1
was not detectable by neither immunohistochemistry
nor Western blotting in iWAT (not shown).

Histological examination of iBAT revealed that only
adipocytes from mice fed a high proportion of casein
maintained a classic brown phenotype with multilocular
lipid droplets (Fig. 5A). Mice fed a low protein:carbohy-
drate ratio, in particular those fed pork, had large “white-
like” adipocytes with a single large lipid droplet in the
iBAT depot (Fig. 5A). At the protein level, immunohisto-
chemical analyses demonstrated that a higher proportion
of adipocytes in casein compared to pork fed mice stained
positive for UCP1 (Fig. 5B-C). This was verified by West-
ern blotting (Fig. 5D). Thus, our data indicate that mainte-
nance of a classical brownmorphology of adipocytes in the

Table 4. Plasma concentrations of amino acids in mice fed high fat high sucrose (HF/HS) or high fat high protein (HF/HP) diets with
casein or pork as the protein source.

Casein Pork P-value
AA (mmol/100 ml plasma) HF/HS HF/HP HF/HS HF/HP HS vs HP Pork vs Casein

Indispensable
Leu 18.0§ 0.9 19.1§ 0.9 14.4 § 0,7 16 § 1 ns <0.001
Ile 11.0§ 0.6 11.4§ 0.5 8.3 § 0.5 9.1 § 0.6 ns <0.001
Val 23 § 1 24 § 1 18 § 1 19 § 1 ns <0.001
Lys 26 § 1 21 § 1 25 § 2 17 § 1 <0.001 ns
Met 3.8 § 0.2 3.9§ 0.3 3.5 § 0.2 3.2 § 0.2 ns <0.05
Phe 6.3 § 0.2 6.1§ 0.3 5.6 § 0.1 5.4 § 0.3 ns <0.05
Thr 18 § 1 18 § 1 14 § 1 11 § 1 ns <0.001
Trp 8.7 § 0.6 8.1§ 0.5 8.1 § 0.4 7.2 § 0.5 ns ns
His 6.7 § 0.3 5.8§ 0.2 6.7 § 0.2 5.5 § 0.4 <0.001 ns
Dispensable
Ala 38 § 1 37 § 2 35 § 2 27 § 2 <0.05 <0.005
Arg 5.5 § 0.4 5.1§ 0.2 5.6 § 0.8 5.1 § 0.4 ns ns
Asp 6.9 § 0.3 6.6§ 0.3 5.9 § 0.4 5.0 § 0.3 ns <0.001
Glu 5.2 § 0.2 4.5§ 0.3 5.3 § 0.3 5.0 § 0.3 ns ns
Gly 25.4§ 0.9 31 § 1 21.9 § 0.9 24 § 2 <0.05 <0.001
Pro 8.9 § 0.4 8.3§ 0.5 7.0 § 0.4 6.3 § 0.4 ns <0.001
Ser 12.5§ 0.4 11.6§ 0.6 11.1 § 0.6 8.7 § 0.6 <0.01 <0.001
Tyr 7.9 § 0.4 8.0§ 0.4 7.1 § 0.5 7.7 § 0.6 ns ns
S BCAAs 52 § 3 54 § 2 41 § 2 44 § 3 ns <0.001
Tau 52 § 2 49 § 3 60 § 5 46 § 4 <0.05 ns

Note. Values represent mean § SEM (n D 8). S BCAAs represent the sum of branched chain amino acids (Leu, Ile and Val).
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interscapular region by a high proportion of casein may
contribute to the observed protection against diet-induced
obesity. Contrasting the differences in UCP1 protein levels,
we observed no significant differences in the levels of RNAs
encoding UCP1 or other markers of enhanced thermogen-
esis in relation to protein source and amount in iBAT
(Fig. 5E and Fig. 3) suggesting that regulation of UCP1 lev-
els in this setting may reflect differences in posttranscrip-
tional processes.

To further investigate possible molecular mechanisms
that might contribute to the reduced feed efficiency of
mice fed casein compared to mice fed pork, we per-
formed systematic qPCR analyses of expression of genes
with a potential to modulate metabolism in iBAT.
Expression of Cpt1b in iBAT was higher in mice fed
casein than in mice fed pork, but expression of other
genes involved in fatty acid oxidation, Acadm and Acox1
did not vary in response to protein amount or source

(Fig. 5E). Expression in iBAT of genes involved in fatty
acid synthesis, Scd1 and Elovl3, appeared to be modu-
lated by both protein amount and source, and was in
general highest in mice fed pork with a high proportion
of sucrose (Fig. 5E). In particular, expression of Scd1 was
higher in mice fed the diets based on pork compared
with mice fed the casein based diets, indicating a that
pork fed mice might have a higher potential for fatty
acid synthesis in iBAT (Fig. 5E). In keeping with the
effects of increased intake of carbohydrate relative to
protein, expression of 6-phosphogluconate dehydroge-
nase (Pgd), involved in conversion of glucose to ribose-5
phosphate to generate NADPH required for fatty acids
synthesis was higher in iBAT from mice fed diets with a
high carbohydrate:protein ratio (Fig. S3). Expression of
genes involved in glucose uptake, glucose transporter
type 4 (Glut4), and glycolysis, glucose-6-phosphate isom-
erase (Gpi1), and aldolase A/fructose-bisphosphate

Figure 3. Effect of high fat diets with high and low protein:carbohydrate ratios on activity, energy expenditure (EE) and respiratory
exchange ratio (RER). Male C57BL/6J mice were fed high fat diets with a low protein:carbohydrate ratio (HF/HS) or a high protein:carbo-
hydrate ratio (HF/HP) using casein or pork as protein sources. 48 hours measurements of activity (A) with total number of beam breaks
(B). PRCF analysis of EE (C) and RER (F) over 48 hours with graphs illustrating the mean value. Based on the PRCF data EC50 (D,G) and
hill slope (E,H) were calculated. Data represent mean § SEM (n D 4). Significant difference (p < 0 .05) between the protein sources are
presented with different letters and differences between high and low protein:carbohydrate ratio with �.
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aldolase (Aldoa) was not significantly modulated by nei-
ther protein source nor amount. Furthermore, mRNA
expression of the genes encoding lactate dehydrogenase
(LDHA) and pyruvate carboxylase (PCX) converting
pyruvate into oxaloacetate did not change significantly
in response to protein source or amount (Fig. S3).
Expression of genes involved in glycogen storage and
hydrolysis, glycogen synthase 2 (Gys2) and glycogen
phosphorylase (Pygl1), respectively, was lower in mice
fed the high protein diets irrespective of protein source
(Fig. S3). Unexpectedly, expression of genes involved in
triacylglycerol synthesis and reesterification, microsomal
CoA:glycerol-3-phosphate acyltransferase 4 (Gpat4) and
diacylglycerol acyltransferase (Dgat1) tended to be
higher in iBAT from mice fed a high proportion of HF/
HP compared to mice fed HF/HS (p D 0.077 and 0.094,
respectively) (Fig. 5E). Of note, expression of glycerol
kinase (Gyk) tended to be higher in mice fed the casein-
based HF/HP diet only. In conclusion, intake of a high
protein diet based on casein resulted in the maintenance
of a classical brown morphology of iBAT with higher
expression of UCP1 than that observed in mice fed

pork-based diets. Furthermore, high protein diets recip-
rocally modulated expression of genes involved in fatty
acid synthesis and triacylglycerol synthesis in a manner
suggesting the possible involvement of a futile cycling of
fatty acids, which would increase energy expenditure and
decrease feed efficiency.

To further investigate possible differences in metabo-
lism of iBAT in reponse to intake of feed based on pork
or casein as protein sources in connection with weight
loss, we fed mice a very high fat diet (VHF) for 11 weeks
to induce obesity and adipocytes with a white-like phe-
notype in iBAT. To facilitate weight loss, the mice were
subsequently fed low fat diets with casein or pork as pro-
tein sources at standard levels (20 g/100 g feed). Mice fed
casein-based diets lost significantly more body- and adi-
pose tissue mass than mice fed pork (Fig. 6A-C). In fact,
body- and adipose tissue mass did not decrease in mice
fed the pork-based low fat diet during the 6 weeks of
feeding. Histological examination of iBAT revealed that
only adipocytes from mice fed the low fat diet based on
casein regained a classic brown phenotype (Fig. 6D),
and immunohistochemical analyses demonstrated that

Figure 4. Effect of high fat diets with high and low protein:carbohydrate ratios on histological appearance and gene expression in ingui-
nal white adipose tissue (iWAT). Male C57BL/6J mice were fed a high fat diet with a low protein:carbohydrate ratio (HF/HS) or a high
protein:carbohydrate ratio (HF/HP) using casein or pork as protein sources for 11 weeks. The mice were feed-deprived 4h before termi-
nation. (A) Sections of iWAT (n D 4) were stained with eosin and hematoxylin, scalebar D 100 mm and (B) mean diameter of the adipo-
cytes was measured and data represent mean § SEM. (C) Expression levels of uncoupling protein 1 (Ucp1), deiodinase, iodothyronine,
type II (Dio2), peroxisome proliferator-activated receptor-g coactivator 1a (Ppargc1a) and cell death-inducing DFFA-like effector (Cidea)
were measured and expression levels were normalized to TATA-box binding protein (Tbp). Gene-expression data represent mean §
SEM (n D 9). Significant difference (p < 0 .05) between the protein sources are presented with different letters and differences between
high and low protein:carbohydrate ratio with �.
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Figure 5. Effect of high fat diets with high and low protein:carbohydrate ratios on histological appearance, protein and gene expression
in interscapular brown adipose tissue (iBAT). Male C57BL/6J mice were fed a high fat diet with a low protein:carbohydrate ratio (HF/HS)
or a high protein:carbohydrate ratio (HF/HP) using casein or pork as protein sources for 11 weeks. The mice were feed-deprived 4 h
before termination. (A) Sections of iBAT (n D 4) were stained with eosin and hematoxylin (H&E), scalebar D 100 mm and (B) Sections of
iBAT (n D 4) were immunohistologically stained with an UCP1-antibody and (C) the area quantified, scalebar D 200mm. (D) UCP1 was
detected by Western-blotting (n D 6) and the expression levels were quantified. (E) Expressions of uncoupling protein 1 (Ucp1) and
Leptin were measured in addition to genes involved in fatty acid oxidation, carnitine palmitoyltransferase 1b (Cpt1b), acyl-Coenzyme A
dehydrogenase, medium chain (Acadm) and acyl-Coenzyme A oxidase 1 (Acox1), fatty acid synthesis, fatty acid synthase (Fasn), stearoyl-
Coenzyme A desaturase 1 (Scd1) and elongation of very long chain fatty acids (Elovl3) and triacylglycerol synthesis- and breakdown,
microsomal CoA:glycerol-3-phosphate acyltransferase 4 (Gpat4), diacylglycerol acyltransferase 1 (Dgat 1), glycerol kinase (Gyk) glycerol-
3-phosphate dehydrogenase 1 (Gpd1) and nuclear receptor interacting protein 1 (Nrip1). Expression levels were normalized to TATA-
box binding protein (Tbp). Gene expression data represent mean § SEM (n D 9). Significant difference (p < 0 .05) between the protein
sources are presented with different letters and differences between high and low protein:carbohydrate ratio with �.
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a higher proportion of adipocytes in casein compared to
pork fed mice stained positive for UCP1 (Fig. 6E). In this
experiment increased UCP1 immunoreactivity was
accompanied by increased Ucp1 mRNA expression
(Fig. 6F), but expression levels of other markers such as

Dio2, Ppargc1a, Cidea did not differ between mice fed
casein or pork-based diets (Fig. S4). The level of Nrip1
mRNA was significantly lower in the pork fed mice than
in the casein fed mice (Fig. 6F). NRIP1 has been shown
to negatively regulate expression of UCP140 and hence, a

Figure 6. Effect of low fat (LF) diets with casein or pork as protein source on body and fat mass reduction, histological appearance
and gene expression in interscapular brown adipose tissue (iBAT). Male C57BL/6J mice were fed a very high fat (VHF) diet for 11
weeks to induce obesity development and were then switched to low fat (LF) diets (n D 10) containing either casein or pork as pro-
tein source for 6 additional weeks. One group marked with a scattered line continued eating the VHF diet. (A) body weight change
of the mice after 6 weeks on the LF diets. The mice were terminated and (B) the epididymal white adipose tissue (eWAT) mass and
(C) the inguinal white adipose tissue (iWAT) mass were recorded. (D) sections of iBAT (n D 4) were stained with eosin and hematoxy-
lin (H&E), scalebar D 100 mm (E) sections of iBAT (n D 4) were immunohistologically stained with an UCP1-antibody and the area
quantified, scalebar D 200 mm. (F) expression level of uncoupling protein 1 (Ucp1) and Leptin in addition to genes involved in fatty
acid oxidation, carnitine palmitoyltransferase 1b (Cpt1b), acyl-Coenzyme A dehydrogenase, medium chain (Acadm) and acyl-Coenzyme
A oxidase 1 (Acox1), fatty acid synthesis, fatty acid synthase (Fasn), stearoyl-Coenzyme A desaturase 1 (Scd1) and elongation of very
long chain fatty acids (Elovl3) and triacylglycerol synthesis- and breakdown, microsomal CoA:glycerol-3-phosphate acyltransferase 4
(Gpat4), diacylglycerol acyltransferase 1 (Dgat 1), glycerol kinase (Gyk) glycerol-3-phosphate dehydrogenase 1 (Gpd1) and nuclear
receptor interacting protein 1 (Nrip1). Expression levels were normalized to TATA-box binding protein (Tbp). Expression of individual
genes in mice fed the LF diet is expressed relative to the expression in the mice fed the VHF (scattered line) diet. Significant differen-
ces (p < 0 .05) between the protein sources are presented with�.
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lower expression of NRIP1 in mice fed casein compared
to mice fed pork might contribute to the increased
expression of UCP1 and the enhanced weight loss
observed in the casein fed mice. Finally, whereas expres-
sion of genes involved in fatty acid oxidation and synthe-
sis was similar in iBAT of casein and pork fed mice,
expression of Gpat4 and Gyk, mRNAs involved in tria-
cylglycerol synthesis and reesterification of fatty acids
released from triacylglycerols, was significantly higher in
casein than in pork fed mice (Fig. 6F). Thus it is possible
that intake of casein enhanced energy loss through a
futile cycling of fatty acids.

Discussion

A number of studies performed with casein or whey as
protein sources has led to the general notion that intake
of high protein diets protects against obesity. However,
in this study we observed striking differences in relation
to obesity development following intake of high protein
diets based on different protein sources. Of the protein
sources tested, casein was the only protein source that
was able to fully prevent high fat diet-induced obesity,
whereas feed based on the other protein sources to vary-
ing degree resulted in increased accretion of adipose tis-
sue mass. Furthermore, intake of a low fat diet with
casein, but not pork, as a protein source reversed diet-
induced obesity. Compared to pork, casein seems supe-
rior in maintaining the classical brown morphology in
interscapular brown adipose tissue with high UCP1
expression. This was accompanied by increased expres-
sion of genes involved in a futile cycling of fatty acids.

Casein, whey and soy are the most commonly used pro-
tein sources in commercially available rodent diets. However,
protein sources for human consumption would normally
comprisefish andmeat. Freeze driedfish andmeatwill neces-
sarily contain nutrients, includingmicronutrients, in addition
to proteins. The amounts of carbohydrates in cod, beef,
chicken and pork are negligible, but although lean muscle fil-
lets were used as the protein source in the present study, they
contained different types and amounts of endogenous fat.
The total content of fat in the diets was balanced using corn
oil, and since the the fatty acid composition varied between
the different types of fillets, the fatty acid compositions in the
experimental diets were not completely identical. In particu-
lar, as freeze-dried beef contained 17.6 g % fat, the fatty acid
composition of the beef-based diet contained more saturated
fat and less PUFA. However, the obesogenic effect of the vari-
ous diets did not follow the different amounts of saturated fat.
Also the n-6:n-3 PUFA ratio was influenced by the protein
source. As the highest n-6:n-3 PUFA ratios weremeasured in
the casein, soy and pork containing diets, it is not likely that
the obesogenic effects were determined by this factor.

However, given the well documented anti-obesity effect in
rodents of n-3 PUFAs, in particular when they originate from
phospholipids,44,45 we can not exclude the possibility that an
altered fatty acid composition, as well as different levels of
micronutrients, influence the obesogenic potential of the
diets. Elucidating the potential role of the slight differences in
fatty acid composition and the possible effects of micronu-
trients will require further investigations, but still, our results
emphasize the strikingly different effects of intake of different
protein sources.

Our results clearly indicate that earlier studies using feed
with a high proportion of casein are not representative for
high protein diets in general. In the present study only mice
receiving a feed with a high proportion of casein were as lean
as mice fed the regular low fat diet. Furthermore, obesity was
reversed with a low fat diet when casein, but not pork was
used as a protein source. The anti-obesogenic effect of casein
may relate to the high content of BCAAs in the casein-based
diets, as BCAA supplementation of a high fat diet protects
against development of obesity.24 In fact, dietary supplemen-
tation of leucine alone is able to partially mimic the effect of
high protein diets.25,26 The circulating levels of BCAA were
indeed higher in casein-fed than pork-fed mice. Accordingly,
our results are in agreement with the notion that chronic ele-
vated levels of BCAAs in mice with disrupted mitochondrial
branched chain aminotransferase (BCATm¡/¡ mice) are
associated with increased energy expenditure and a lean phe-
notype.43 The role of BCAA in insulin resistance is less clear,
and in particular conflicting results of leucine supplementa-
tion on insulin resistance have been reported.26 Increased cir-
culating levels of BCAA have been associated with insulin
resistance in humans, and the attenuated obesity develop-
ment in rats fed a high fat diet supplemented with BCAAwas
accompanied with insulin resistance.24 In our experiment,
both insulin sensitivity and glucose tolerance mirrored adi-
pose tissue mass. Thus, similar to BCATm¡/¡ mice, the lean
phenotype in casein fed mice was accompanied by increased
circulating levels of BCAA and insulin sensitivity. The plasma
levels of glycine and proline were higher in casein fed mice
than in mice fed the other protein sources. An anti-obeso-
genic effect of glycine is reported in rats 46 and a high content
of dietary proline may activate the nutrient-sensing lipolytic
adipose tissue triglyceride lipase.47 The latter may thereby
contribute to the observed higher levels of free fatty acids in
casein fedmice. Thus, future studies supplementing the other
protein sources with BCAA, glycine and proline will be of
interest to determine whether the higher levels of these amino
acids contribute to the obesity protective effects of casein-
based feed.

We utilized indirect calorimetry to evaluate diet-
induced changes in energy metabolism. As both body
mass and composition are strong determinants for gas
exchange,48 it was crucial to subject the mice to indirect
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calorimetric measurements before onset of obesity at the
transition from a low fat reference diet to the experimen-
tal diets. However, we were unable to detect any signifi-
cant differences in energy expenditure that could explain
the difference in feed efficiency or adiposity. Gas
exchange was quantified at intervals (i.e.1.9 min every
30 min). Thus, we cannot exclude the possibility that
changes in energy expenditure, too small to be detected
within the 48h indirect calorimetry measurements
occurred. Furthermore, compared with mice fed casein,
mice fed diets containing pork had a tendency toward
lower activity level which over time may have impact on
feed efficiency and obesity development. We can there-
fore not exclude the possibility that accumulated differ-
ences in locomotor activity elicited changes in EE that
could over time result in altered weight gain and fat
mass accretion.49–51

RER measurements demonstrated lower metabolic flexi-
bility in the mice fed pork- compared to casein-based diets.
In addition, extented feeding with the diets resulted in
impaired insulin sensitivity and glucose tolerance. Taken
together this suggests a potential protein source-dependent
effect on energy homeostasis. Intake of feed with a high pro-
portion of protein reduced RER, indicating a lower utilization
of carbohydrates and a higher utilization of fat and/or pro-
teins. In line with this, we observed a higher plasma level of
urea in mice fed diets with a high proportion of proteins for
11 weeks. Whether this reflects higher utilization of amino
acids at the expense of carbohydrates remains to be deter-
mined. However, loss of energy in the form of ATP used in
syntheses of urea and by the required conversion of amino
acids to glucose 28,29 most likely contributes to the reduced
feed efficiency in mice fed diets with high protein:carbohy-
drate ratios.

Energy may also be lost by conversion to heat by
UCP1-dependent uncoupled mitochondrial respiration in
brown adipocytes. White and brown (or brown-like) adi-
pocytes are found together in most fat depots forming a
plastic organ.30 In reponse to aging or obesity and when
mice are kept under thermoneutral conditions a “whiten-
ing” of the brown adipose organ can be observed.52 Both
protein amount and protein source influenced on the
morphology and abundance of UCP1 immunoreactive
cells in the interscapular region. In particular, a large pro-
portion of the adipocytes in iBAT from the obese mice
fed pork protein in combination with a low protein:car-
bohydrate ratio was unilocular and not UCP1-immunore-
active. By contrast, a large proportion of adipocytes from
the lean mice fed the HF/HP diet based on casein was
multilocular and stained positive for UCP1. Thus, main-
tenance of a brown phenotype of adipocytes in the inter-
scapular region by a diet with a high content of casein
may protect against obesity development.

Finally, energy may be lost by futile substrate cycling.
Low activity of glycerol kinase would normally prevent a
futile cycle of triacylglycerol breakdown and resynthesis
from glycerol and free fatty acids. Thus, in the weight
loss experiment, the higher level of Gyk expression in
combination with higher expression of Gpat4 (and a ten-
dency to higher expression of Dgat1) in iBAT of the
casein fed mice is compatible with loss of energy via a
futile cycling of fatty acids, suggesting that loss of energy
may also relate to formation of fatty-acyl-CoA. Addition-
ally, during weight loss, decreased expression of Nrip1 in
the casein fed mice may further contribute to loss of
energy by allowing increased expression of Ucp1 and
Gyk supporting enhanced uncoupled respiration and
futile cycling of triacylglycerol breakdown and resynthe-
sis, respectively, in iBAT.

Conclusions

The protein source exerts a pronounced effect on the
metabolic consequences by intake of high protein diets.
A high protein diet based on casein effectively protects
against high fat diet-induced obesity. Other tested pro-
tein sources are far less effective, and high protein diets
based on chicken or pork are even more obesogenic than
a traditional casein based high fat/high sucrose diet.
While the detailed molecular background for the differ-
ent ability of various protein sources to counteract obe-
sity remains to be established, our results demonstrate
that high protein diets based on casein are particularly
effective in preventing whitening of interscapular brown
adipose tissue and maintaining UCP1 expression. This
was accompanied by increased expression of genes
involved in a futile cycling of fatty acids, thereby preserv-
ing the possibility for increased energy expenditure in
interscapular brown adipocytes. Given the popularity of
high protein diets for weight management in humans,
this warrants further investigations.

Methods

Ethical statement

The animal experiments were performed in accordance
with the guidelines of the Norwegian Animal Research
Authority (FOTS id.nr 3750). We observed no adverse
effects during the trials.

Mouse diets

We prepared high fat/high sucrose (HF/HS) diets, high
fat/high protein (HF/HP) diets and low fat (LF) diets
using different protein sources according to Table 1 and
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Table 2. We used casein (Sigma, C-8654), soy powder
(Ssniff Spezialdi€aten, Soest, Germany), cod fillet powder
(Seagarden AS), beef tenderloin (H. Bragstad A/S, Ber-
gen), chicken breast fillet (Prior, Norway) or pork sirloin
(H. Bragstad A/S, Bergen) as protein sources. The cod fil-
let was freeze dried and pulverized by the provider (Sea-
garden AS), whereas beef, chicken and pork filets were
freeze-dried and pulverized at NIFES. All protein sources
were subsequently analyzed for amino acid composition,
nitrogen and total fat content (Table 1) as described pre-
viously11 in order to balance the diets with respect to
total protein and fat content. The diets (Table 2) were
mixed using a Crypto Peerless EF20 blender, kept at
-20 �C, and analyzed for gross energy (Table 2) by bomb
calometry (Parr Instruments, Moline, IL, USA) and fatty
acid composition (Table 3) using a capillary gas chro-
matograph (GLC Trance GC 200, Thermo Scientific,
USA) with a flame ionization detector (Thermo Scien-
tific) as described.11 In addition, a standard very high fat
(VHF) diet obtained from Ssniff (acc. D12492 Ssniff,
Spezialdi€aten, Soest, Germany) was used to induce obe-
sity in experiment 4, see below. A regular casein-based
low-fat diet was used as a reference diet (RD) (ssniff EF
R/M control (E15000–04), Germany).

Animals

The data in this paper are based on the results from 4
separate animal studies using male C57BL/6JBomTac
mice (Taconic), 8 weeks of age at the start of the study,
housed in individual cages at thermoneutrality (28–
30�C) with a 12 h light/dark cycle. In experiment 1 and
2, the mice were assigned to experimental groups
(n D 9) by body weight after 5 d acclimatization. The
mice were weighed once a week and fed ad libitum
3 times a week. In experiment 1, the mice were fed RD,
HF/HS using casein as the protein source or HF/HP
using casein, soy, cod, beef, chicken or pork as a protein
source. In experiment 2, the mice were fed casein-based
RD, or HF/HS and HF/HP using either casein or pork as
the protein source. In experiment 2, body composition
was determined after 8 weeks of feeding using nuclear
magnetic resonance (Minispec mq 7.5, NMR analyzer,
Bruker, Germany). Furthermore, after 9 and 10 weeks,
respectively, intraperitoneal glucose and insulin tolerance
tests (ITT and GTT) were performed as described earlier
using 2g glucose and 0.75 units of insulin (Actrapid,
Novo Nordisk, Denmark) pr kg body mass, respec-
tively.53 As GTT and ITT may influence on feed intake,
data prior to testing (first 8 weeks) were used to calculate
feed efficiency. Apparent digestibility was measured as
described 11 during the 7th week of feeding. After 11
weeks of feeding the mice in both experiment 1 and 2

were fasted for 4 h before they were sacrificed by cardiac
puncture under Isoflurane anesthesia (Isoba-vet, Scher-
ing-Plough, Denmark). Plasma was prepared from blood
and stored at ¡80�C before further analyses using com-
mercial available kits as previously described.10 Liver,
muscle and adipose tissue were dissected out, weighed,
snap-frozen in liquid nitrogen and stored at -80�C. A
portion of each adipose depot was fixed for histology
(see below). A third cohort (experiment 3) of C57BL/6J
mice was used for indirect calorimetry measurements
(see below). In experiment 3, the mice were fed HF/HS
and HF/HP using casein or pork as the protein sources.
In experiment 4, 30 mice were fed a VHF diet for 11
weeks before they were assigned to experimental groups
(n D 10) and fed LF diets containing either casein or
pork as protein source for 6 weeks (Table 2). An addi-
tional group of mice were continuously fed the VHF diet.

Real-time qPCR and Western blotting

Using tissues from experiment 2 and 3, RNA purifica-
tion, reverse transcription and RT-qPCR were performed
as described 22 and mRNA expression was normalized to
that of the housekeeping gene TATA box binding pro-
tein (Tbp). Western blotting was performed essentially as
described earlier 54 using antibodies against glyceralde-
hyde 3-phosphate dehydrogenase (Ab8245, Abcam) and
UCP1 (Ab10983, Abcam).

Indirect calorimetric measurements

As body mass and body composition are strong determi-
nants for both O2-utilization and CO2-production,

48 we
used a new set of mice (Experiment 3) to record diet-
induced metabolic changes. The mice were placed in the
metabolic cages and fed RD for 72 h. Gas exchange and
beam breaks, as a proxy for activity, were recorded dur-
ing the first 48 h. The mice (n D 4) were subsequently
fed the experimental diets for another 72 h and gas
exchange and activity were recorded for the last 48 h.
Diet-induced changes for each individual mouse were
calculated. Respiratory exchange ratio (RER) was calcu-
lated from VO2 and VCO2 and spontaneous locomotor
activity was defined as total counts of light-beam breaks.
VO2 and VCO2 were measured in open-circuit indirect
calorimetry cages as described previously 22 using Calo-
Cages (Phenomaster, TSE Systems), equipped with infra-
red light-beam frames (ActiMot2). Energy expenditure
(EE) was calculated using the following equation: 3.9 cal/
L x L VO2 C 1.1cal/L x L VCO2.55 EE and RER were
analyzed by generating percent relative cumulative fre-
quency (PRCF) curves as described by Riachi et al.56 EE
data were normalized to body weight.
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Histology

Sections of different adipose depots were fixed in 4 %
formaldehyde in 0.1 M phosphate buffer overnight,
dehydrated, embedded and stained with eosin and hema-
toxylin.57 Adipocyte cell size was determined and immu-
nohistological detection of UCP1-positive cells was
performed by an avidin-biotin peroxidase method as
described earlier.53

Statistical analyses

All data are presented as mean § SEM. The data
from experiment 1 was analyzed using 1-way
ANOVA followed by Tukey’s multiple comparison,
group means were considered statistically different at
P < 0.05. Growth, GTT and ITT were analyzed by
repeated measurements ANOVA followed by Tukey’s
post hoc test. In experiment 2 and 3 we used a facto-
rial ANOVA design with protein:carbohydrate ratio
and protein source as categorical predictors (Statistica
9.0, StatSoft Inc.). In experiment 4 a Student’s t-test
was used used to analyze the data.

Abbreviations

AUC area under the curve
BCAA branched chain amino acids

BW body weight
DHA docosahexaenoic acid

EE energy expenditure
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GTT glucose tolerance test

HF/HP high fat high protein
HF/HS high fat high sucrose
iBAT interscapular brown adipose tissue
ITT insulin tolerance test

iWAT inguinal white adipose tissue
PRCF percent relative cumulative frequency
PUFA polyunsaturated fatty acids

RD reference diet
RER respiratory exchange ratio

UCP1 uncouling protein 1
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