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Abstract
AIM: To characterise the effect of energy restriction (ER) 
on liver lipid and primary metabolite profile by using 
metabolomic approach. We also investigated whether 
the effect of energy restriction can be further enhanced 
by modification of dietary protein source and calcium. 
METHODS: Liver metabolomic profile of lean and 
obese C57Bl/6J mice (n  = 10/group) were compared 
with two groups of weight-reduced mice. ER was 
performed on control diet and whey protein-based 
high-calcium diet (whey + Ca). The metabolomic 

analyses were performed using the UPLC/MS based 
lipidomic platform and the HPLC/MS/MS based primary 
metabolite platform. 
RESULTS: ER on both diets significantly reduced 
hepatic lipid accumulation and lipid droplet size, while 
only whey + Ca diet significantly decreased blood 
glucose (P  < 0.001) and serum insulin (P  < 0.01). 
In hepatic lipid species the biggest reduction was in 
the level of triacylglycerols and ceramides while the 
level of cholesterol esters was significantly increased 
during ER. Interestingly, diacylglycerol to phospholipid 
ratio, an indicator of relative amount of diabetogenic 
diglyceride species, was increased in the control ER 
group, but decreased in the whey + Ca ER group (P  
< 0.001, vs  obese). ER on whey + Ca diet also totally 
reversed the obesity induced increase in the relative 
level of lipotoxic ceramides (P  < 0.001, vs  obese; P  
> 0.05, vs  lean). These changes were accompanied 
with up-regulated TCA cycle and pentose phosphate 
pathway metabolites. 
CONCLUSION: ER-induced changes on hepatic 
metabolomic profile can be significantly affected by 
dietary protein source. The therapeutic potential of 
whey protein and calcium should be further studied.
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INTRODUCTION
Obesity is closely associated with different components 
of  metabolic syndrome[1]. However, not all obese 
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individuals develop metabolic syndrome and not all 
individuals with metabolic syndrome are obese. It has 
recently been suggested that fat accumulation in the liver 
is the key feature distinguishing those individuals who 
develop metabolic syndrome from those who do not[2]. 
The mechanisms leading to hepatic fat accumulation 
are not fully understood and, hence, the means of  
preventing and treating this condition are limited. Once 
fat has accumulated, the liver is insulin resistant and 
overproduces major cardiovascular risk factors, such 
as C-reactive protein, very low density lipoprotein and 
plasminogen activator inhibitor-1[3]. At the moment, 
improving insulin resistance through energy restriction 
and subsequent weight loss remains the cornerstone of  
therapy for non-alcoholic fatty liver disease[4].

Lipids are a highly diverse class of  molecules, 
which have important roles as signalling and structural 
molecules in addition to serving as energy storage. 
Therefore, it is crucial to identify the variety of  lipid 
species accumulating in the liver in order to understand 
the complex process of  hepatic insulin resistance. The 
level of  triacylglycerides (TAG) and diacylglycerides 
(DAG) has been shown to be increased in non-alcoholic 
fatty liver disease in humans, while total amount of  
phosphatidylcholines is decreased[5]. Similar changes in 
liver lipids have been detected in ob/ob mice with up-
regulation of  TAG and DAG, diacylphosphoglycerols 
and specific ceramide species and down-regulation of  
sphingomyelins[6]. Interestingly, a recent human study 
revealed that a high level of  liver fat is also associated 
with changes in the lipidomic profile of  subcutaneous 
adipose tissue[7]. Increased adipose tissue ceramides, SM, 
ether phospholipids and long-chain TAG were associated 
with higher liver fat level. Hence, the accumulation of  
ceramides and TAG also in the subcutaneous adipose 
tissue seems to reflect the development of  fatty liver. 
However, more studies are needed to support the 
findings of  fatty liver lipidomics.

Even though weight loss is the main therapeutic 
way to reduce liver fat, the information on the effect of  
energy restriction on liver lipidomic profile is scarce. Also 
the beneficial effect of  different dietary components 
on liver fat species is nearly an unexplored area[8]. High 
intake of  dairy products is related to lower risk of  
insulin resistance[9], type two diabetes[10,11] and metabolic 
syndrome[12-15], but the mechanism of  action has not 
been established. The increased intake of  dairy products 
or calcium has also been shown to augment weight loss 
both in humans and mice[16-19]. Although part of  the 
effect of  dairy products on weight loss can be attributed 
to calcium, it has been repeatedly demonstrated that the 
anti-obesity effect of  dairy is superior to that of  calcium 
alone[18,20]. It has been suggested that the whey protein 
fraction of  milk is a source of  bioactive peptides or 
other compounds capable of  regulating adipose tissue 
metabolism, energy expenditure or satiety signals[21]. 
In our previous study, we showed that whey protein in 
combination with calcium attenuates weight gain[22], but 
the effects of  whey protein during energy restriction 

have not been reported. Also, the effect of  whey protein 
containing high-calcium diet on hepatic lipid profile has 
not been previously described.

The aim of  this study was to characterise the effect of  
high-fat diet-induced obesity and the subsequent ER on 
liver lipidomic and primary metabolite profile in C57Bl/6 
mice, a widely studied model of  diet induced obesity. In 
addition we investigated whether the effect of  ER may be 
significantly improved by modulating the protein source 
and calcium content of  the weight loss diet.

MATERIALS AND METHODS
Animals and diets 
Eight-week old male C57Bl/6J mice (n = 40) were 
purchased from Harlan (Horst, The Netherlands). 
The mice were housed five in a cage in a standard 
experimental animal laboratory, illuminated from 
6:30-18:30, temperature 22 ± 1℃. The protocols were 
approved by the Animal Experimentation Committee 
of  the University of  Helsinki, Finland and the principles 
of  laboratory animal care (NIH publication no. 85-23, 
revised 1985) were followed. The mice had free access 
to feed and tap water during the experiment. After a 
one-week acclimatisation period on a normal chow diet 
(Harlan Tekland 2018, Harlan Holding, Inc, Wilmington, 
DE, USA) thirty mice (25.5 g ± 0.3 g) were put on a 
high-fat diet (60% of  energy from fat, D05031101M, 
Research Diets Inc., New Brunswick, NJ, USA) for  
14 wk. Ten remaining mice continued on normal chow 
diet (ad libitum) throughout the study and served as a 
lean control group. After the weight gain period on 
high-fat diet one group of  mice (obese group, n = 10) 
was sacrificed, and the remaining mice were put on 
a calorie restriction diet for 7 wk. During the calorie 
restriction period, the mice were given 70% of  the 
energy they ate during the ad libitum feeding. In the 
beginning of  the calorie restriction period, the body 
weight matched mice were divided into two groups: 
whey + Ca group and control group. Whey + Ca group 
received high-fat diet (D05031104M, Research Diets 
Inc., New Brunswick, NJ, USA) with 1.8% CaCO3 and 
all protein (18% of  energy) from whey protein isolate 
(Alacen™ 895, NZMP, Auckland, New Zealand). 
The control group continued with the same high-fat 
diet (D05031101M) as during the weight gain period. 
The powdered diets were moistened with tap water  
(200 mL/kg in whey + Ca, 110 mL/kg in control and 
700 mL/kg in normal chow diet) using industrial dough 
mixer, packed in one-day portions and stored at -20℃.

The body weight was monitored weekly during 
the weight gain period, and twice per week during the 
calorie restriction period using a standard table scale 
(Ohaus Scout™ Pro, SP4001, Nänikon, Switzerland). 
The consumption of  feed was monitored daily using 
the same table scale. The body fat content was analysed 
by dual-energy X-ray absorptiometry (DEXA, Lunar 
PIXImus, GE Healthcare, Chalfont St. Giles, UK) at the 
end of  the weight gain and calorie restriction periods.



Calorimetry and metabolic performance 
The dietary protein-induced differences in metabolic 
performance, energy expenditure, physical activity 
and drinking and feeding behaviour were analysed by 
housing an additional group of  animals (n = 4/whey 
group and n = 3/casein group) in a home cage‑based 
monitoring system for laboratory animals (LabMaster®, 
Bad Homburg, Germany). The instrument consists 
of  a combination of  highly sensitive feeding and 
drinking sensors for automated online measurement. 
The calorimetry system is an open-circuit system 
that determines O2 consumption, CO2 production, 
and respiratory quotient (RQ = VCO2/VO2, where 
V is volume), respiratory exchange rate and heat. A 
photobeam-based activity monitoring system detects and 
records every ambulatory movement, including rearing 
and climbing movements in every cage. The sensors 
for detection of  movement operate efficiently in both 
light and dark phases, allowing continuous recording. 
All of  the parameters were measured continuously and 
simultaneously in all animals over the subsequent 7 d 
after 5 d of  adaptation in identical training cages.

Fecal fat excretion 
For the collection of  feces, the mice were housed in 
metabolic cages for 72 h at the end of  the weight gain 
and weight reduction periods. The intake of  feed and 
drink was monitored daily and feces collected at the end 
of  the 72 h period. The feces were weighed and stored in 
-70℃ until assayed. The fat content of  the fecal samples 
was determined by SBR (Schmid-Bondzynski-Ratzlaff) 
method modified for fecal sample analysis[23]. The 
apparent fat absorption was calculated from the amount 
of  feed consumed and the amount of  fat excreted 
during the housing in metabolic cages. Apparent fat 
absorption (%) was determined as 100 × (fat intake-fecal 
fat)/(fat intake). To estimate the effect of  fat excretion 
on energy absorption during the whole study period, we 
calculated the apparent cumulative energy absorption 
from fat using the cumulative energy intake data (apparent 
fat absorption % × cumulative energy intake from fat) as 
described previously[24]. 

Blood glucose and serum insulin
Blood glucose and was analysed from the blood samples 
taken at the termination of  the animals. Blood glucose 
was determined by glucometer (Super Glucocard™ II, 
GT-1630, Arkray Factory Inc., Shiga, Japan). Serum 
insulin was analysed from frozen serum samples by 
ELISA kit for mouse insulin (Ultra sensitive Mouse 
Insulin ELISA kit 90080, Crystal Chem Inc., IL, USA).

The sample preparation
At the end of  the treatment period, the mice were 
rendered unconscious with CO2/O2 (95%/5%; AGA, 
Riihimäki, Finland) and decapitated. The blood samples 
were taken into chilled plastic tubes, and the serum was 
separated by centrifugation at 4℃ for 15 min. The livers 
and subcutaneous, epididymal, abdominal and perirenal 

fat pads were removed, washed with saline, blotted dry 
and weighted. The tissue samples for lipidomic and 
primary metabolite analysis were snap-frozen in liquid 
nitrogen and stored at -80℃ until assayed. The samples 
for oil red O‑staining were frozen in isopentane (-38℃) 
and stored at -80℃ until further processed. The samples 
for histology were fixed in 40 g/L formaldehyde and 
embedded in paraffin with routine techniques.

Liver histology and Oil Red O staining 
For histological evaluation of  the liver samples 4 mm 
sections of  the paraffin embedded samples were cut 
with a microtome, stained with H&E and examined with 
a light microscopy. The severity of  the observed lesions 
was graded as previously described [25].

In order to determine the relative amount of  lipids 
in the liver samples, frozen sections (4 mm) were stained 
with Oil Red O, mounted and photographed. From the 
obtained microscopic images, the amount of  Oil Red 
O-positive staining was determined with AnalySIS Pro-
software (Soft Imaging System, Münster, Germany).

Lipidomics 
The lipidomic analysis of  liver tissue samples (n = 
10/group) was performed as described previously 
described[26]. Liver tissue lipid extracts were examined by 
a Q-Tof  Premier mass spectrometer by introducing the 
sample through an Acquity UPLCTM system equipped 
with an Acquity UPLCTM BEH C18 1 mm × 50 mm 
column with 1.7 mm particles. The compounds were 
detected by using electrospray ionization in positive 
ion mode (ESI+). Data was collected at m/z 300-1200 
with a scan duration of  0.2 s. Data was processed using 
MZmine software version 0.60[27,28], and metabolites were 
identified using internal spectral library or with tandem 
mass spectrometry as previously described[6,29].

Primary metabolites
Twenty mg of  frozen liver tissue (n = 10/group) 
was weighed into Eppendorf  tubes and 200 mL of  
methanol (-80℃) and 10 mL of  13C labeled internal 
standard was added. Sample was homogenized with 
Micro Dismembrator S (Sartorius, Germany) by using 
glass beads (0.5-0.75 mm) and 3000 r/min for 3 min. 
Homogenized samples were boiled immediately in 80℃ 
for 3 min and at 10000 r/min for 5 min. Supernatant 
was collected and evaporated to dryness under a stream 
of  nitrogen. Samples were reconstituted in 100 mL of  
ultra pure water.

The liver extracts were analyzed with HPLC-MS/MS 
method for quantitative analysis of  phosphorous and 
TCA-cycle compounds. The system consisted of  HT-
Alliance HPLC (Waters, Milford, MA, USA) working at 
high pH. The analytes were resolved by anion exchange 
chromatography combined with post column ASRS 
Ultra Ⅱ 2 mm ion suppressor (Dionex, Sunnyvale, CA) 
and detected with Quattro Micro triple quadruple mass 
spectrometry (Waters, Milford, MA, USA) operating in 
electrospray negative ion mode. The analytical column 
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was IonPac AS11 (2 mm × 250 mm, Dionex, Sunnyvale, 
CA) and guard column IonPac AG11 (2 mm × 50 mm, 
Dionex, Dionex Sunnyvale, CA). Flow rate was 250 mL/
min and injection volume 5 mL. The temperature of  the 
column was 35℃ and autosampler 10℃.

The compounds were detected in Multiple Reaction 
Monitoring mode for optimal sensitivity and selectivity. 
Mass spectrometric parameters, cone voltage and 
collision energy were optimized for each component. 
A small aliquot of  13C-labelled metabolites from yeast-
fed batch cultivation was used as an internal standard 
for both calibration standards and samples. Hexose 
phosphates (glucose-6-phosphate, fructose-6-phosphate, 
mannose-6-phosphate and 6-glucose-1-phosphate), 
pentose phosphates (ribose-5-phosphate and ribulose-5-
phosphate), fructose bisphosphate, glycerate-2-phosphate 
and glycerate-3-phosphate, phosphoenolpyruvate, 
6-phosphogluconate, succinate, malate, a-ketoglutarate, 
oxaloacetate, citrate, iso-citrate, glyoxylate and pyruvate 
were quantitatively measured with this method. Data 
was processed with MassLynx 4.1 software and internal 
calibration curves were calculated based on response of  
12C analyte and 13C labelled analogue.

Statistical analysis
Data are presented as mean ± SEM. Statistically 
significant difference in mean values were tested by 
ANOVA followed by Tukey’s test. The data were 
analysed using GraphPad Prism, version 4.02 (GraphPad 
Software, Inc., San Diego, CA, USA). Statistical analyses 
of  metabolomics data were performed using R statistical 
software (www.r-project.org).

RESULTS
Weight and fat loss and fat absorption during ER
The body weight of  the high-fat fed mice increased 
significantly during the 14 wk ad libitum feeding. At 
the end of  the weight gain period the high-fat fed mice 
weighed significantly more than the chow fed control 
mice (Figure 1A). The obese mice also had significantly 
more fat tissue than the lean controls (Figure 1B). The 
7-week ER reduced the body weight in the whey + Ca 
group, to the level of  lean controls, but the decrease 
in body weight was not statistically significant in the 
control group. Whey + Ca also reduced the fat pad 
weights more than the weight loss on control diet  
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Figure 1  A: The body weight of C57Bl/6J mice at the end of the study; B: The body fat content of C57Bl/6J mice measured by DEXA at the end of the study; C: The 
blood glucose of C57Bl/6J mice at the end of the study; D: The serum insulin of C57Bl/6J mice at the end of the study. Data is presented as mean ± SE. The letters 
denote a significant difference between the groups (aP < 0.05; bP < 0.01, cP < 0.001; n = 10/group).



(Table 1). Apparent fat absorption was reduced in the 
whey + Ca group in comparison with the control diet 
(96.9% ± 0.3% vs 98.4% ± 0.1% in whey + Ca and 
control diet, respectively; P = 0.0004).

Blood glucose, serum insulin and liver histology
ER on both diets reduced the blood glucose to the 
level of  lean controls, but the decrease was statistically 
significant only in the whey + Ca group (Figure 1C). 
Also the serum insulin was significantly decreased only 
in the whey + Ca group (Figure 1D). In the obese group, 
the liver histology showed an evident macrovesicular 
fatty change of  diffuse pattern, with severity ranging 
from slight to severe (Table 2). In the ER groups, the 
observed fatty change was less severe. The fat droplets 
were smaller and mainly present in the perivenular 
regions. Minimal foci of  inflammatory cells and necrotic 
hepatocytes were occasionally noted, but fibrosis was 
absent. Oil Red O‑staining demonstrated that ER on 
control and whey + Ca diet significantly reduced hepatic 
lipid accumulation and lipid droplet size (Figure 2), but 
the amount of  fat did not reach the level observed in the 
lean mice.

The effect of protein source on metabolic performance
In order to investigate whether the more pronounced 
weight loss effect in the whey protein fed mice was a 
result of  differences in drinking and feeding behaviour, 
increased activity or changes in metabolic performance, 

an additional group of  mice were housed in a home 
cage based monitoring system. A 7-day monitoring 
did not reveal differences in cumulative feed or water 
intake, respiratory exchange rate, heat production, O2 
consumption, CO2 production, total or rearing activity 
or ambulatory movements during the observation period 
(Figure 3).

The effect of ER on liver lipid profile
Of  the total 2498 hepatic lipid peaks detected, 391 
major peaks were identified and included in further 
analysis. The reduction of  lipids was mainly seen in the 
level of  triacylglycerols (TAG) and ceramides and ER 
on whey + Ca diet even restored the level of  ceramides 
to the level of  lean mice (Figure 4). The amount of  
cholesterol esters was significantly increased in both ER 
groups. The TAG to phospholipid ratio, which reflects 
the relation of  membrane lipids to storage lipids, was 
significantly reduced only in whey + Ca group, but it 
was still higher than in the lean controls (Figure 5A). 
Interestingly, diacylglycerol (DAG) to phospholipid ratio 
was increased in the control ER group, but decreased in 

Table 1  Fat pad weights (g)

Lean Obese ER ANOVA 
P  valueControl Whey + Ca

Subcutaneous fat 0.4 ± 0.1c 1.6 ± 0.1 1.4 ± 0.1d,e 1.0 ± 0.1c,d < 0.0001
Epididymal fat 1.4 ± 0.1a 1.9 ± 0.1 1.8 ± 0.1f   1.3 ± 0.05b    0.0006
Perirenal fat 0.7 ± 0.1c 1.3 ± 0.1 1.4 ± 0.1d,f   0.9 ± 0.1b < 0.0001

Data is presented as mean ± SE (n = 10/group). aP < 0.05, bP < 0.01, cP < 
0.001, vs obese, respectively; dP < 0.001 vs lean; eP < 0.05, fP < 0.01 vs whey 
+ Ca, respectively.

Table 2  Incidences of the observed histopathological lesions 
in liver samples

Lean Obese ER
Control Whey + Ca

Number of samples 8     10         10          10
No abnormalities detected 8 0 0 0
Macrovesicular fatty 
change (total)

0     10         10          10

   Severe 0 1 0 0
   Marked 0 1 0 0
   Moderate 0 5 5 4
   Slight 0 3 5 5
   Minimal 0 0 0 1
Infiltration of inflammatory 
cells, minimal

0 1 1 3

Focal hepatocyte necrosis, 
total

0 2 0 2

   Slight 0 1 0 0
   Minimal 0 1 0 2

Figure 2  A: The Oil Red O  positive area of paraffin embedded liver samples 
of C57Bl/6J mice at the end of the study; B: The mean fat droplet area (arbitrary 
units) of paraffin embedded liver samples of C57Bl/6J mice at the end of the 
study. Data is presented as mean ± SE. The letters denote the significant 
difference between the groups (aP < 0.05; bP < 0.01, cP < 0.001; n = 10/group).
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the whey + Ca ER group (Figure 5B). ER on whey + 
Ca diet also totally reversed the obesity-induced increase 
in the ceramide to sphingomyelin ratio (Figure 5C).  
Phosphatidic acid (GPA) and phosphatidylglycerol 
(GPGro) peaks could not be uniquely distinguished by 
our method. The level of  GPA/GPGro, phosphatidyl-
cholines and lysophosphatidylethanolamines was not 
affected by obesity or ER. 

The most significantly changed lipids are presented 
in Figure 6. Interestingly TAG (58:3) and TAG (58:2) 
were at higher level in the control weight loss group even 
though they were already increased as a result of  obesity, 
and so was the level of  TAG (50:8) in the whey + Ca 
group. Weight loss further increased the level of  GPCho 
(32:2) even though its level was already over 10 times 
higher in the obese group than in the lean mice. On the 
other hand, the level of  TAG (52:0) decreased during 
ER even though its level was already lower in obese than 
in the lean animals.

The most distinct features of  whey + Ca ER group 
were the significant increases in the level of  total 
phosphatidylserines, phosphatidylethanolamines and 
sphingomyelins (Figure 6). It is also of  note that the level 
of  certain phosphatidylcholine species was significantly 
decreased during ER on control diet whereas there was 
no change in whey + Ca group. Whey + Ca specifically 
affected certain ceramide species [Cer (d18:0/22:5), Cer 
(d18:0/22:6), Cer (d18:1/23:3), Cer (d18:1/23:5), Cer 
(d18:1/26:4)], whose level was reduced to the level of  

lean mice, whereas their level was unaffected by ER on 
control diet. Cer (d18:1/25:4) was even increased by 
ER on control diet while its level did not differ between 
lean, obese and whey + Ca group.

The effect of ER on primary metabolites
The primary metabolite analysis led to identification 
of  13 metabolites (glucose-6-phosphate, fructose-
6-phosphate , mannose-6-phosphate , f r uc tose 
bisphosphate, g lycerate-3-phosphate, r ibose-5-
phosphate, succinate, malate, c i trate, pyruvate, 
phosphoenolpyruvate, 6-phosphogluconate and 
fumarate). The high-fat diet feeding and subsequent 
obesity led to reduction of  glycolytic metabolites, such 
as glucose-6-phosphate, fructose-6-phosphate and 
pyruvate (Table 3, Figure 7). ER with whey + Ca diet 
was associated with significant increases of  succinate, 
which belongs to the TCA cycle and of  ribose-5-
phosphate, which is a product of  pentose phosphate 
pathway. Whey + Ca diet also decreased the level of  
glycolytic metabolites glucose-6-phosphate, fructose-6-
phosphate and fructose bisphosphate in contrast with 
ER on control diet, which did not affect the level of  
these metabolites.

DISCUSSION
In this study, we showed that decreasing liver fat by 
ER significantly modulates the overall profile of  liver 
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lipid species. The main finding of  the study was that 
the protein source and calcium content of  the diet 
had a significant effect on the ER-induced hepatic 
lipid changes. Even though the histological analysis 
did not reveal significant differences in the amount of  
liver fat between the ER groups, the metabolomic data 
demonstrated that ER on whey + Ca diet was able to 
reduce the relative level of  potentially diabetogenic 
ceramides and diacylglycerols to the level observed in 
lean animals. This finding is in accordance with the 
decreased level of  serum insulin in this group. These 
changes were accompanied by a decrease in glycolytic 
metabolites while the metabolites from the pentose 
phosphate pathway and TCA cycle were increased 
together with a shift towards gluconeogenesis.

The UPLC/MS based lipidomics platform and the 
HPLC/MS/MS based primary metabolite platform 
techniques were used to characterise the hepatic lipid 
and primary metabolite changes in this study. These 
techniques provide an overview of  key metabolites 
involved in energy metabolism, including a broad profile 
covering all major lipid classes present in liver as well 
as key metabolites of  the central carbon metabolism. 
Traditional analyses of  lipids have been generally limited 

to investigations of  lipid class-or fatty acid-specific 
changes[30]. These new analytical methods combined 
with information technology provide extremely sensitive 
tools to measure the extended metabolome, and may 
help to explore the mechanisms of  many complex 
diseases[31,32]. However, one evident shortcoming of  the 
method is that a major part of  the spectral peaks are still 
unidentified.

To our knowledge th i s i s the f i r s t s tudy to 
demonstrate the effect of  ER on fatty liver lipidomic and 
primary metabolite profile in diet induced obese mice. In 
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accordance with previous studies on lipidomic profile of  
non-alcoholic fatty liver disease, we also found increased 
levels of  TAG, DAG and specific ceramide species and 
down-regulation of  sphingomyelins in the obese group[6]. 
Interestingly, only ceramides were significantly decreased 
by ER on control diet, while the level of  DAG increased 
non-significantly and sphingomyelins stayed un-changed. 

However, ER on whey + Ca diet significantly increased 
the level of  sphingomyelins and decreased the level of  
DAG changing the ceramide/sphingomyelin and DAG/
phospholipid ratios to the level of  lean animals. The 
accumulation of  both ceramides and DAG in peripheral 
t issues contribute to insulin resistance[33-35] and, 
therefore, the decrease of  these lipids can be considered 

 Table 3  Concentrations of primary metabolites in liver samples (mmol/g tissue)

Lean Obese ER ANOVA P  value
Control Whey + Ca

Glucose-6-phosphate 28.6 ± 2.7a 19.2 ± 3.5 22.7 ± 1.7h 11.2 ± 3.2f < 0.0001
Fructose-6-phosphate  7.0 ± 0.7   4.9 ± 0.6   6.9 ± 0.7h   3.2 ± 0.9e  0.001
Mannose-6-phosphate 1.7 ± 0.2   1.7 ± 0.2  1.4 ± 0.1g    0.8 ± 0.2c,f    0.0003
Fructose bisphosphate 3.2 ± 0.6   8.7 ± 2.0    9.5 ± 2.4d,h   0.5 ± 0.1b    0.0005
Glycerate-3-phosphate         26.2 ± 3.7 21.0 ± 0.8 17.4 ± 1.2d 13.1 ± 1.4f    0.0008
Ribose-5-phosphate     0.3 ± 0.02a   0.7 ± 0.1    0.7 ± 0.1d,i    1.3 ± 0.1c,f < 0.0001
Succinate 24.5 ± 3.3c   5.3 ± 1.1   6.7 ± 2.4f,i 24.0 ± 4.0c < 0.0001
Malate 42.0 ± 5.2a 54.5 ± 3.7  61.3 ± 4.7d,g 40.5 ± 5.1a  0.008
Citrate  4.9 ± 0.7c   2.0 ± 0.3  1.6 ± 0.2f   1.8 ± 0.3f < 0.0001
Pyruvate  5.6 ± 0.8c   0.9 ± 0.2  2.6 ± 0.4e   1.5 ± 0.3f < 0.0001
Phosphoenolpyruvate 2.8 ± 0.8   2.3 ± 0.3 1.4 ± 0.2  1.2 ± 0.2    0.0426
6-phosphogluconate   3.5 ± 0.2a   2.4 ± 0.2    3.7 ± 0.2e,g   2.6 ± 0.4a    0.0023
Fumarate   9.6 ± 1.0a 10.4 ± 1.1    17.8 ± 1.7b,f,g 11.9 ± 1.3a    0.0003

Data is presented as mean ± SE (n = 10/group). aP < 0.05, bP < 0.01, cP < 0.001 vs obese, respectively; dP < 0.05, eP < 0.01, fP < 0.001 
vs lean, respectively; gP < 0.05, hP < 0.01, iP < 0.001 vs whey + Ca, respectively. 
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particularly beneficial.
Additionally an increase in liver cholesterol ester 

level, which was seen in both of  the ER groups, has 
been demonstrated to occur also as a result of  acute  
24 h food deprivation[36]. One of  the main functions 
of  cholesterol is maintaining of  membrane fluidity by 
interacting with other membrane lipid components such 
as phosphatidylcholines and sphingomyelin[37]. However, 
only cholesterol esters were found to be increased as a 
result of  ER in the control group.

The level of  primary metabolites was particularly 
affected in the whey + Ca group. Energy restriction 
in normal weight, healthy mice, is known to enhance 
hepatic gluconeogenesis[38,39] and suppress glycolysis[40]. 
This effect was particularly pronounced in the whey + Ca 
group as indicated by the striking decrease of  fructose 
bisphosphate, the key regulator of  gluconeogenesis, and 
significant decrease of  glycolytic intermediates glucose-6-
phosphate and fructose-6-phosphate. An increased level 
of  ribose-5-phosphate in the whey + Ca group indicates 
enhanced flux through pentose phosphate pathway, 
which is known to be triggered by low concentrations 
of  fructose-2,6-bisphosphate[41]. ER on whey + Ca diet 
also decreased the level of  succinate to the level of  lean 
animals, whereas the level of  succinate did not change in 
the ER control group. The significance of  the decrease 
of  mannose-6-phosphate in whey + Ca groups remains 
to be elucidated.

One of  the few dietary components which are 
known to influence the liver fat profile during ER is 
the type and amount of  dietary fat[8]. In this study 
there were no differences in either the type or amount 
of  dietary fat between the ER groups. However, the 
apparent fat absorption was decreased in the whey + Ca 
group. Calcium preferentially binds saturated fatty acids 
in the intestine[42], and therefore, also the quality of  the 
absorbed fat might have been influenced in the whey + 
Ca group.

Even though these findings may help to understand 
why increased dairy calcium intake may lower the risk of  
metabolic syndrome, the molecular mechanism by which 
whey protein and calcium modulate the liver lipid profile 
remain unanswered. Whey protein consists of  several 

small protein types, including alfa-lactalbumin, beta-
lactoglobulin, bovine serum albumin, lactoferrin and other 
minor peptides[43]. In order to investigate the possible 
effects of  whey protein on energy expenditure and food 
intake, we measured the metabolic performance of  mice 
fed either casein or whey based diet in a calorimetry 
system, but did not see any differences between the 
proteins. The principal question regarding the mechanism 
is whether the beneficial effect is derived only from the 
amino acids or if  bioactive peptides are formed during the 
digestion and absorption of  the protein.

The present study demonstrates that ER-induced 
changes in fatty liver are significantly affected by dietary 
protein source and calcium. Reducing liver fat by ER is 
currently the main treatment for non-alcoholic fatty liver 
disease and therefore, it is crucial to understand which 
dietary factors have significant effects on the outcome 
of  ER in liver. These results indicate that whey protein 
and calcium could be beneficial in the dietary treatment 
of  fatty liver, and are likely contribute to the inverse 
relationship between dairy intake and the risk of  insulin 
resistance. The therapeutic potential of  whey protein 
and calcium in clinical setting, and the mechanism of  
action remain to be elucidated.
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 COMMENTS
Background 
Fatty liver is considered to be an important link between obesity and the 
development of metabolic syndrome and insulin resistance. Liver fat can be 
reduced by weight loss, but the effect of weight loss on the quality of hepatic 
lipid profile is currently not well established.
Research frontiers
Some dietary factors, like the quantity and quality of fat during weight loss have 
been shown to have an effect on liver fat. However, the importance of dietary 
protein source and calcium content has not been investigated previously.
Innovations and breakthroughs
This study characterises the changes in hepatic lipid profile during energy 
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restriction in a mouse model of diet induced obesity. The effect of protein 
source and calcium content of the weight loss diet is also studied. This study 
demonstrates for the first time that dietary protein source may beneficially 
modulate the lipid profile of fatty liver during energy restriction.
Applications
Weight loss by life style changes is the main therapeutic approach to reduce 
liver fat. Therefore, it is crucial to identify dietary components which may 
improve the outcome of weight loss in the level of hepatic lipid profile. These 
results indicate that whey protein and calcium beneficially modulate the hepatic 
lipid profile targeting specifically the lipotoxic diacylglycerol and ceramide 
species. 
Peer review
The study is well conducted and has important information about the 
pathophysiology of fatty liver.
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