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Background and aim: High-fat diet (HFD) triggers obesity-related metabolic diseases like non-alcoholic
fatty liver diseases (NAFLD). Calcium supplementation is known to have an anti-obesity effect. Howev-
er, the effect of calcium supplementation has not been evaluated so far in context to hepatic functions on
exposure to HFD. The goal of the present study was to investigate the role of calcium supplementation on
hepatic function and other physiological markers in HFD induced NAFLD rats.
Experimental procedure: 18 male Wistar rats were divided into two groups; first group considered
control group (n¼ 6) for the entire treatment period and the second group (n¼ 12) fed with HFD for 6
weeks to induce NAFLD model and then sub-divided into two groups (n¼ 6 rats); one group received
HFD and other group received 1.0 gm CaCO3/100 gm HFD for 30 days. After treatment, all animals were
euthanized to collect the blood and liver for biochemical, enzymatic, oxidative, anti-oxidant, western blot
and histological study.
Results and conclusion: Calcium supplementation significantly improved the anthropometric parameters
and decreases the level of serum cholesterol, triglyceride, FFA and hepatic enzymes. Calcium supple-
mentation significantly down-regulated the hepatic PPAR-g mediated FAS activity, hepatic lipid accu-
mulation, oxidative stress and restored the activities of antioxidant enzyme which further prevented the
stimulation of pro-inflammatory response. Calcium supplementation also increases the hepatic protein
expression of phosphorylated AMP-activated protein kinase. So, calcium supplementation showed a
hepatoprotective effect during NAFLD by downregulating the oxidative induced inflammatory response
stimulated by hepatic lipogenesis activity and subsequent lipid accumulation.
© 2020 Center for Food and Biomolecules, National Taiwan University. Production and hosting by Elsevier
Taiwan LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Obesity and its associated cardiovascular and metabolic com-
plications including insulin resistance, diabetes, hypertension, and
dyslipidemia is a major global health concern. The most common
cause of obesity is excess calorie intake mostly through diet. When
energy consumption exceeds the energy expenditure, an excess
accumulation of triglyceride occurs not only within the adipose
tissue but also in other tissues including liver.1 Excessive
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accumulations of fat during obesity are often associated with the
disruption of normal cellular and physiological function which
leads to the pathological condition if neglected for a prolonged
period of time.2

The liver plays a critical role in lipid metabolism by taking up
serum free fatty acids (FFA) that are involved in the synthesis,
storage, and transport of lipid metabolites. The accumulation of
excess triacylglycerol (TG) within the liver due to the entry of
excess FFA from the obese adipose tissue due to increased lipolysis
leads to the development of non-alcoholic fatty liver diseases
(NAFLD).3,4 During obesity the excess accumulation of lipid within
the liver leads to the fatty liver by stimulating peroxisome
proliferator-activated receptor g (PPARg), a major metabolic tran-
scription factor particularly associated with the induction of he-
patic lipogenesis.5 HFD can up-regulate the PPARg activity and act
tion and hosting by Elsevier Taiwan LLC. This is an open access article under the CC
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Abbreviations

FFA free fatty acid
IL-6 interleukin-6
TNF-a tumor necrosis factor-a
NAFLD non-alcoholic fatty liver diseases
PPARg peroxisome proliferator-activated receptor g
NASH non-alcoholic steatohepatitis
HFD high fat diet
HFD þ Ca high fat diet with calcium-supplementation
CAT catalase
SOD superoxide dismutase
GR glutathione reductase

GPx glutathione peroxidase
PCO protein carbonyl content
NO nitric oxide assay
TG triglyceride
TC total cholesterol
HDL high-density lipoprotein cholesterol
AMPK AMP-activated protein kinase
Alanine ALT transaminase
AST Aspartate transaminase
ALP alkaline phosphatase
MDA malonaldehyde
FAS fatty acid synthase
CRP c-reactive protein
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like a pro steatotic factor leading to NAFLD.6,7 The hepatic fat
accumulation during NAFLD results in oxidative imbalance as a
result of the decline in activity of several antioxidant enzymes,
enhanced lipid peroxidation, and induction of pro-inflammatory
cytokines like interleukin-6 (IL-6) and tumor necrosis factor-a
(TNF-a) as a result of mitochondrial dysfunction. This can have
serious consequences starting from simple steatosis to liver
cirrhosis.8,9

Emerging evidence revealed that dietary calcium plays a pro-
tective role against obesity and other metabolic complications like
diabetes, dyslipidemia, and high blood pressure by preventing the
excess accumulation of adipose tissue as well as improving body
weight.10,11 A diet enriched in calcium content is reported to
improve the oxidative and inflammatory profile in transgenic obese
mice as well as in obese individuals.12 The increase in dietary cal-
cium intake increases the fecal fat excretion by forming insoluble
complexes between calcium and fat.13

AMP-activated protein kinase (AMPK), is a key regulator of he-
patic lipid and carbohydrate metabolism. Its activation by phos-
phorylation stimulates the hepatic fatty acid oxidation and inhibits
the hepatic lipogenesis pathway and prevents the development of
NAFLD.14 Calcium and VitD are found to activate AMPK through
phosphorylation in different tissues. Post weaning low calcium diet
decreases the AMPK activation in skeletal muscle.15 On the other
hand, HFD leads to obesity which further catalyzes the progression
of NAFLD and non-alcoholic steatohepatitis (NASH).16 HFD induced
obesity not only promotes hepatic oxidative stress and triggers
various inflammatory processes17 but also reduces the activation
of AMPK which further stimulates the metabolic disturbances
during NAFLD.18 So, the role of AMPK activity in response to
calcium supplementation needs to be investigated in order to un-
derstand the therapeutic effect of calcium supplementation in
NAFLD because AMPK acts as a vital signaling molecule by regu-
lating several hepatic metabolic pathways including lipogenesis
activity.

Dietary calcium supplementation has been shown to reduced
weight gain and reduces metabolic complications associated with
obesity.19 The protective role of calcium supplementation against
obesity-related metabolic complications is gaining attention in
recent times worldwide due to its cost-effective application and
its minimum side effects. Based on the accumulating evidence
a dietary therapy with calcium supplementation was hypothe-
sized to be a good option against HFD induced hepatic
disorders. With this view, we aimed to study the effect of calcium
supplementation in regulating the physiological alterations in
various parameters including oxidative, inflammatory and lipo-
genesis activity within the liver of male Wistar rats exposed to
the HFD.
2. Materials and methods

2.1. Animals and experimental design

The study included 18 healthy adult male albino rats of Wistar
strain weighing 200e210 gm. Animals were collected from the
government-registered animal supplier and housed in clean poly-
propylene cages in institutional animal house temperature at
22± 2 �C and a constant 12:12 light: dark schedule.

After one week of acclimatization, the rats were divided into
two groups. The first group (n¼ 6) fed with control diet throughout
the entire period of study and regarded as the control group. The
second group (n¼ 12) was fed with HFD for 6 weeks to induce fatty
liver as reported in the earlier study.20 After the induction period,
second group was further divided into two groups each group
containing 6 rats out of which one received HFD and other group
fed with calcium-supplemented with HFD as (HFD þ Ca), which
received 1.0 gm CaCO3/100 gm HFD/day for another 30 days. HFD
composed of fat 46%, carbohydrate 24%, proteins 20.3%, fiber 5%,
salt mixture 3.7% and a vitamin mixture 1%. Composition of the
control diet consists of fat 5%, carbohydrate 65%, protein 20.3%, fi-
ber 5%, salt mixture 3.7% and a vitamin mixture 1%. All the com-
positions of the diets were in gm/kg.21 The body weight of the
animal was recorded weekly and food consumption was recorded
daily during the whole period of treatment. The entire study pro-
tocol was approved by the Institutional Animal Ethical committee.

2.2. Collection and processing of samples

After the completion of the treatment period, all the animals
were fasted overnight and euthanasied the next day following the
Indian Council of Medical Research (ICMR) guidelines. The adipose
tissue including epididymal, perirenal and omental fat tissues and
the liver was dissected out from each rat. Tissues were weighed
immediately to prevent the evaporative loss and kept at �80 �C for
future analysis. Blood was collected immediately by cardiac punc-
ture in a clotted vial and left to coagulate at 4 �C and then centri-
fuged at 3000�g for 15min. The clear serum was collected for
biochemical analysis.

2.3. Anthropometric parameter and food intake

The final body weight and body weight gain were calculated by
subtracting the final body weight from initial body weight at the
end of the study. Food consumption (gm/day/rat) was calculated
daily by subtracting the amount of food left over in each cage for
each rat from the measured amount of food provided on the pre-
vious day. Mean food consumption for each rat was calculated by
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dividing the amount of food eaten in a week divided by seven. The
average food consumptions were represented in gm/day/rat.

2.4. Preparation of liver tissue homogenate for antioxidant and
oxidative assay

A 5% (W/V) tissue homogenate of liver tissue was prepared in
ice-cold 50mM phosphate buffer (pH¼ 7.0) containing 0.1mM
ethylenediaminetetraacetic acid (EDTA) using Potter-Elvehjem
glass homogenizer. The homogenates were centrifuged (Sigma
Laborzentrifugen, Germany) at 10,000 rpm for 20min at 4 �C. After
the centrifugation, the supernatant was collected and used for
catalase (CAT), superoxide dismutase (SOD), glutathione peroxi-
dase (GPx), glutathione reductase (GR), reduced glutathione, pro-
tein carbonyl content (PCO) and nitric oxide assay (NO) assay. For
lipid peroxidation assay a 10% (W/V) of liver tissue homogenatewas
prepared in 1.5% KCl.

2.5. Biochemical analysis of blood

Lipid profile including serum triglyceride (TG), total cholesterol
(TC) and high-density lipoprotein cholesterol (HDL-C) levels was
assayed by the enzymatic colorimetric method using standard
commercial kits (Erba, Mannheim) in a semi auto-analyzer (Ana-
lytica, Biochemistry Analyzer, RMS). Non-HDL cholesterol was
calculated using the formula as mentioned in the following study.22

Serum free fatty acids (FFA) were estimated colorimetrically ac-
cording to the manufacturer's protocol (Abcam, USA). Liver en-
zymes alanine transaminase (ALT), aspartate transaminase (AST)
and alkaline phosphatase (ALP) were assayed by the colorimetric
method using commercial kits (Erba, Mannheim) in semi-auto-
analyzer. Serum calcium level was estimated by the Arsenazo dye
method using a commercial calcium kit (Erba, Mannheim). Serum
C-reactive protein (CRP) level was estimated using the enzyme-
linked immunosorbent assay (ELISA) kit in microplate reader ac-
cording to the protocol provided with the kit (Ray Biotech, USA).

2.6. Measurement of hepatic antioxidant enzymes

Catalase (EC: 1.11.1.6): 50 ml of the supernatant was added to a
cuvette containing 2ml of phosphate buffer (pH 7.0) and 1ml of
30mMH2O2. CAT activity was measured spectrophotometrically
(Spectroquant Pharo 300, Merck, Germany) at 240 nm and
expressed as a micromole of H2O2 utilized/minute/mg of protein.23

Superoxide Dismutase (EC: 1.15.1.1): The final assay mixture of
1ml consists of 75mM of TriseHCl buffer (pH 8.2), 30mM EDTA,
2mM pyrogallol and at the end 50 ml of tissue supernatant was
added as the enzyme source and the absorbance was recorded
spectrophotometrically at 420 nm. The activity was expressed as
unit/mg of protein.24

Glutathione peroxidase (EC: 1.11.1.9): The final volume consists
of 1ml, 0.05M phosphate buffer with 2mM EDTA, (pH 7.0)
0.025mM sodium azide, 0.15mM reduced glutathione, and
0.25mM nicotinamide adenine dinucleotide phosphate reduced
(NADPH) and 100 ml of 5% tissue supernatant as the enzyme source.
The reaction was started by the addition of 0.36mMH2O2. Absor-
bance at 340 nm was recorded spectrophotometrically and
expressed as nmol of NADPH oxidized/min/mg protein.25

Glutathione Reductase (EC 1.6.4.2): Briefly, 1ml of 2.728mM
glutathione oxidized (GSSG) solutions and 40 ml of tissue super-
natant were incubated in a water bath at 37 �C. After incubation for
5min, the reaction was initiated by the addition of 200 ml of
1.054mM NADPH solution. Decrease in absorbance was measured
at 340 nm using a spectrophotometer and recorded every 30 s over
a period of 5min. GR activity was expressed as unit per mg protein
based on the molar extinction coefficient of 6.22� 103 L/mol/cm.
One unit of GR defined as the amount of enzyme that catalyzes the
oxidation of 1 nmol of NADPH per minute.26

2.7. Reduced glutathione content

1.0ml of the 5% sample was mixed with 0.1mL of 25% tri-
chloroacetic acid (TCA). The mixture was centrifuged at 5000�g for
10min to remove the precipitate. Supernatant (0.1mL) was mixed
with 2mL of 0.6mM Ellman's reagent prepared in 0.2M sodium
phosphate buffer pH (8.0). Absorbance was read at 412 nm and
expressed as nmol/mg of protein.27

2.8. Lipid peroxidation assay

Lipid peroxidation was determined by thiobarbituric acid (TBA)
method by quantifying the formation of malonaldehyde (MDA), an
end product of lipid peroxidation.28 To 1ml of 10% tissue homog-
enate, 2.5ml of 20% TCA was added and the contents were centri-
fuged at 3500 g for 10min and the precipitate was dissolved in
2.5ml of 0.05M sulphuric acid. To this, 3ml of TBA was added and
the samples were kept in a hotwater bath for 30min. Samples were
cooled and MDA was extracted with 4ml of butanol and the pink
color developed was determined spectrophotometrically at 530 nm
and expressed as the nmol of MDA/mg of protein.

2.9. Nitric oxide assay

The accumulation of nitrite in the tissue supernatant, an indi-
cator of the production of NO, was determined with a colorimetric
assay with Greiss reagent 0.1% of N-(1-Naphthyl) ethylenediamine
dihydrochloride, 1% sulfanilamide and 2.5% phosphoric acid].29

Concentration of nitrite was expressed as micromole/mg of protein.

2.10. Estimation of protein carbonyl content

Briefly, 200 ml of supernatant was added to plastic tubes con-
taining 400 ml of 10mM dinitrophenylhydrazine (prepared in 2M
HCl). Subsequently, 500 ml of 20% TCA was added to each tube. The
mixture was vortexed and centrifuged at 14,000�g for 3min and
the supernatant obtained was discarded. The pellet was washed
with 1ml ethanol/ethyl acetate (1:1 v/v), vortexed and centrifuged
at 14,000�g for 3min. The supernatant was then discarded and the
pellet-suspended in 600 ml of 6M guanidine (prepared in a 20-mM
potassium phosphate solution, pH 2.3), vortexed and incubated at
60 �C for 15min. Samples were then centrifuged at 14,000�g for
3min and the supernatant used to measure absorbance at 370 nm
and reported the PCO in nmol/mg protein.30

2.11. Tissue protein content

Protein content from liver homogenate was estimated using
bovine serum albumin as the standard protein.31

2.12. Western blot

The hepatic tissue was homogenized into cold lysis buffer and
the lysate was centrifuged and the supernatant was collected in a
fresh tube supplemented with protease inhibitor cocktail (Himedia,
India) and kept at �80 �C.32 The protein samples were heat dena-
tured and separated by SDS-PAGE followed by electrotransfer to the
nitrocellulose membrane. The membranes were blocked in block-
ing buffer and then exposed to specific primary antibodies diluted
in the blocking buffer and kept overnight at 4 �C. The primary an-
tibodies used were rabbit polyclonal anti-phospho AMPK, anti-



Table 1
Anthropometrical data and food intake.

Parameters CONTROL HFD HFD þ Ca

Initial body weight (gm) 203.83 ± 1.74 205.13± 1.77 206.12± 1.81
Final body weight (gm) 352.5± 3.77 404.26± 4.23 364.5± 3.26a

Body Weight gain (gm) 149.67 ± 1.37 199.13± 1.71 158.38± 1.41a

Adipose tissue mass (gm) 14.91± 0.48 22.71± 0.82 17.01± 0.56a

Liver Weight (gm) 11.37± 0.35 14.82± 0.43 12.59± 0.39b

Daily food intake (gm/day/rat) 21.57± 0.29 21.92± 0.49 19.95± 0.69

Values represent the mean± SEM of six (6) rats in each group. aSignificantly
different from the HFD group at p< 0.01. bSignificantly different from the HFD group
at p< 0.05.
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AMPK, anti-IL-6 and anti-TNF-a (Abcam, USA). The next day
membrane was washed and subjected to incubation for 1 h with
anti-rabbit IgG secondary antibody conjugated to horseradish
peroxidase (Thermo Fisher Scientific, USA) diluted in the same
blocking buffer. After a series of washes, they were exposed with
the chemiluminescent ECL substrates (Thermo Scientific, USA) and
the desired protein bands were detected by chemiluminescent gel
documentation system (Bio-Rad, USA). b-Actin was used as a
housekeeping protein for equal amounts of protein loaded into the
gel. The protein bands were densitometry quantified by Image J,
software (NIH, USA) and data presented as arbitrary units.

2.13. Determination of nuclear PPAR-g transcriptional activity
within the liver

Hepatic nuclear extracts were extracted using hypotonic lysis
buffer which was again followed by high salt extraction.33 The
freshly isolated nuclear extract was used to measure the nuclear
PPAR-g transcriptional factor activity according to the protocol
provided with the PPAR-gamma transcription factor assay kit
(Abcam, USA).

2.14. Measurement of hepatic fatty acid synthase (FAS) activity and
triglyceride level

Preparation of hepatic mitochondrial supernatant was done
according to Schneider et al.34 The freshly prepared supernatant
was used for FAS activity measurement. FAS activity in the liver was
measured by the malonyl CoAedependent oxidation of NADPH at
37 �C.35 One unit of enzyme activity represents 1mmol of NADPH
oxidized per minute at 37 �C. Results were expressed as mU/g of
liver tissue. Triglyceride was extracted from the liver using chlo-
roform: methanol (2:1) mixture and quantified according to this
study.36 Triglyceride was presented as mg of triglyceride/g of tissue.

2.15. Determination of fecal fat content

Around 0.5 gm of faces collected at 6th week of the study were
soaked in deionized water for 24 h at 4 �C, followed by homogeni-
zation by vortexing at high speed for one minute. Now, lipids were
extracted with methanol: chloroform (2:1, v: v) and shaken for
30min, followed by addition of 2.5ml of deionized water and
2.5ml of chloroform and further shaking for 30min. The mixture
was then centrifuged at 2000 g for 15min and the lipophilic layer
from the extraction was collected and dried under vacuum. The
total fat content was weighed using a laboratory balance.37

2.16. Histological analysis

The liver was gently washed in phosphate buffer saline (PBS)
and subjected to fixation in 10% neutral buffered formalin and
thereafter further processing were done which includes dehydra-
tion and infiltration followed by embedding in paraffin. Then 5
(mm) sections of paraffin block were obtained by using a microtome
and taken for staining with Hematoxylin-Eosin (H & E) stain. The
pictures of stained slides were obtained under a microscope (Leica
DM400 BLED, Germany) at 20X magnification.

2.17. Statistical analysis

Results were presented as means± standard error mean (SEM).
All the parametric values follow the normality assumptions and it
has been verified through the Kolmogorov-Smirnov test. Differ-
ences between the means of groups were analyzed by one way
ANOVA followed by Tukey HSD posthoc test using SPSS (Statistical
Program for the Social Sciences) 16.0 for Windows. Statistical sig-
nificance was considered at p< 0.05.

3. Results

3.1. Effect calcium supplementation on anthropometric parameters
and food intake

At the end of the study, the final body weight and the body
weight gain was significantly decreased (p < 0.01; Table 1) in
(HFD þ Ca) group in comparison to the HFD group. The mass of the
adipose tissue and the liver was significantly decreased (p < 0.01;
Table 1) in (HFD þ Ca) group as compared to the HFD group. There
was no significant difference in the daily food intake among the
three groups throughout the entire period of study.

3.2. Effect of calcium supplementation on blood biochemical
parameters

The (HFD þ Ca) group showed an improvement in the lipid
profile by significantly decreasing (p < 0.01; Table 2) the TG, TC and
non-HDL cholesterol level and significantly increasing (p < 0.05;
Table 2) the HDL-cholesterol as compared to the HFD group. Serum
FFA was significantly reduced (p < 0.01; Table 2) in (HFD þ Ca)
group as compared to the HFD group. The three hepatic enzymes
ALT, AST, and ALP were significantly reduced (p < 0.01; Table 2) in
(HFD þ Ca) group as compared to the HFD group. No significant
difference was observed in the serum calcium level among the
three groups at the end of the study in Table 2.

3.3. Effect of calcium supplementation on PPAR-g activity, FAS
activity and triglyceride level within the liver

Hepatic PPAR-g, FAS activity, and triglyceride level were signif-
icantly reduced (p < 0.01; Fig. 1-A, B& C) in the (HFDþ Ca) group as
compared to the HFD group.

3.4. Effect of calcium supplementation on hepatic antioxidant
enzyme activities and reduced glutathione level

The hepatic activities of antioxidant enzymes like CAT, SOD, GPx,
and GR were significantly increased (p < 0.01; Table 3) in the
(HFD þ Ca) group as compared to the HFD group. The amount of
reduced glutathione level was significantly increased (p < 0.01;
Table 3) in (HFD þ Ca) group as compared to the HFD group.

3.5. Effect of calcium supplementation on oxidative stress
parameters

Results of our study showed that calcium supplementation plays
a protective role against HFD induced oxidative stress in the liver.



Table 2
Biochemical analysis of blood.

Blood Parameters CONTROL HFD HFD þ Ca

Total cholesterol (mg/dl) 92.56± 2.12 112.04± 3.12 95.6± 2.52a

Triglyceride (mg/dl) 71.82± 1.41 84.89± 1.77 74.58± 1.48a

HDL- cholesterol (mg/dl) 34.76± 1.02 27.51± 0.97 32.64± 0.83b

Non-HDL cholesterol (mg/dl) 57.80± 1.69 84.52± 1.87 63± 1.67a

Serum FFA (mmole/L) 97.33± 2.57 178.62± 3.82 115.66± 3.08a

ALT (U/L) 67.8± 1.96 102.87± 2.95 71.23± 2.23a

AST (U/L) 32.49± 1.34 69.29± 1.72 35.82± 1.25a

ALP (U/L) 167.92± 3.71 249.44± 4.16 178.41± 3.77a

Serum calcium (mmol/l) 2.38± 0.05 2.54± 0.07 2.71± 0.05

Values represent the mean± SEM of six (6) rats in each group. aSignificantly
different from the HFD group at p< 0.01. bSignificantly different from the HFD group
at p< 0.05. ALT-Alanine Transaminase; AST-Aspartate Transaminase; ALP-Alkaline
Phosphatase; HDL cholesterol High-density lipoprotein cholesterol.
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The following oxidative stress parameters including lipid peroxi-
dation, protein carbonylation level and NO generation measured as
nitrite within the hepatic tissue were significantly reduced (p <
0.01; Fig. 3 A, B, C) in (HFD þ Ca) group as compared to the HFD
group.
Fig. 1. Determination of hepatic PPAR-g activity, fatty acid synthase (FAS) activity, and tiss
Hepatic triglyceride level. Values represent the mean ± SEM of six (6) rats in each group. aS

Table 3
Activity of antioxidant enzymes and reduced glutathione level within the liver.

Parameters

Catalase (mmole of H2O2 utilized/minute/mg of protein)
Superoxide Dismutase (Unit/mg of protein)
Glutathione Peroxidase (nmol of NADPH oxidized/min/mg protein)
Glutathione Reductase (Unit/mg of protein)
Reduced glutathione Content (nmol/mg protein)

Values represent the mean± SEM of six (6) rats in each group. aSignificantly different fr
3.6. Effect of calcium supplementation on hepatic p-AMPK
expression and inflammatory markers within the liver and serum

The p-AMPK expression was significantly increased (p < 0.01;
Fig. 2B) in the (HFDþ Ca) group as compared to the HFD group. The
(HFD þ Ca) group found to have a significantly lower (p < 0.01;
Fig. 2C) the expression of IL-6 and TNF-a as compared to the HFD
group. The serum CRP level in (HFD þ Ca) group was significantly
decreased (p < 0.01; Fig. 2D) in comparison to the HFD group at the
end of the study.
3.7. Effect of calcium supplementation on fecal fat excretion

The (HFD þ Ca) group rats showed significantly increased (p <
0.01, Fig. 4) rate of fecal fat excretion during the 6th week of the
experimental period as compared to the HFD group.
3.8. Effect of calcium supplementation on histopathological changes

At the end of the study, HFD seemed to increase the size of the
liver organ as compared to other two groups observed in Fig. 5. For
further evaluation of hepatic tissue histopathological study was
ue triglyceride level. A-Hepatic PPAR-g activity, B-Fatty acid synthase activity, and C-
ignificantly different from the HFD group at p< 0.01.

CONTROL HFD HFD þ Ca

36.16± 1.54 27.01± 1.72 32.98± 1.27a

6.36± 0.28 3.43± 0.19 5.56± 0.25a

23.76± 1.16 15.52± 1.01 21.27± 1.12a

149.36 ± 2.59 126.29± 2.03 145.81± 2.56a

27.71± 1.12 16.16± 0.82 24.28± 0.97a

om the HFD group at p< 0.01.



Fig. 2. Protein expression. A-Shows the images of protein expression of p-AMPK, AMPK and inflammatory markers (IL-6 and TNF-a) within the liver carried by western blot analysis.
b-Actin served as the loading control. B-Protein expression of p-AMPK. C-Protein expression of inflammatory markers (IL-6 and TNF-a). All the expressions were analyzed and
normalized with b-Actin and represented as arbitrary units. Values expressed as Mean± SEM of three (3) rats in each group. C-Estimation of serum CRP level to detect the
circulating inflammatory response. Values represent mean± SEM of six (6) rats in each group for serum CRP level. aSignificantly different from the HFD group at p< 0.01.

Fig. 3. Hepatic lipid peroxidation, nitric oxide, and protein carbonylation assay. A-Malonaldehyde level, B- Protein carbonylation and C- Nitrite level. Values represent the
mean± SEM of six (6) rats in each group. aSignificantly different from the HFD group at p< 0.01.
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Fig. 4. Determination of fecal fat excretion. Values represent the mean ± SEM of six (6)
rats in each group. aSignificantly different from the HFD group at p< 0.01.
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carried out by H& E staining from three groups in order to evaluate
the effect of calcium supplementation on HFD induced NAFLD
presented in Fig. 5. The control group showed normal histological
architecture with no lipid droplet accumulation and swelling of
hepatocytes. Induction of NAFLD by exposure to HFD was
confirmed by the presence of lipid droplets marked by black arrows
shown in Fig. 5. On the other hand formation of lipid droplets were
almost absent in the HFD þ Ca supplemented rats and showing
similar histological architecture with those of the control group
observed in Fig. 5.

4. Discussion

Current approach to inhibit NAFLD includes weight manage-
ment, prevention of adipocyte dysfunction, oxidative stress
reduction, improvement in insulin resistance, and lipid profile
optimization. Several herbal and natural supplements have been
tried recently as possible therapeutic agents against NAFLD because
of their anti-oxidant, anti-inflammatory, anti-apoptotic and anti-
adipogenesis effect.38 But most of these therapies lack specificity
and effectiveness owing to their poor bioavailability, poor aqueous
Fig. 5. Histopathological analysis was carried out from the liver of various groups. The image
liver tissue was carried by hematoxylin and eosin (H & E) staining and the microscopic ima
droplets from the H & E stained sections were marked by black arrows indicating the featu
solubility, chemical instability, and intestinal metabolism. Re-
searchers are trying to overcome this shortcoming by combining
these substances with nanoparticles for targeted drug delivery.39

Studies suggested that several natural constituents present in
food possess insulin-sensitizing, hypolipidemic, anti-adipogenic,
anti-inflammatory and antioxidant effects and can have a benefi-
cial effect against HFD induced NAFLD.38 Earlier reports from both
epidemiological as well as in-vivo studies reported that diet rich in
calcium content improves the metabolic profile during the obese
condition by regulating several cellular events.10 The preventive
role of a high calcium diet against excess fat accumulation and body
weight gain were observed in earlier studies.40,41 These reports
supported our present observation regarding the anti-obesity effect
of calcium supplementation against HFD that involved an
improvement in the anthropometric parameters like decrease in
the body weight gain, accumulation of excess adipose tissue and
liver weight gain.

Consumption of HFD leads to dyslipidemia, a common meta-
bolic disorder in obesity with an increase in blood triglyceride, total
cholesterol, non-HDL cholesterol and a decrease in HDL-cholesterol
level.42 Calcium supplementation in our study showed a protective
effect against HFD induced dyslipidemia by preventing alteration in
the lipid profile. Similar to our findings, Shifdar et al. observed that
calcium supplementation in overweight men reduced the risk of
cardiovascular diseases by lowering the serum total cholesterol
level, LDL-cholesterol and blood pressure.19 Hence, calcium sup-
plementation with HFD shown to have a protective role against
chronic dyslipidemia which increases the risk of both cardiovas-
cular and fatty liver diseases.

We observed that HFD stimulated hepatic oxidative stress by
increasing lipid peroxidation, nitric oxide generation and oxidation
of protein molecules and depletion of hepatic anti-oxidant en-
zymes including SOD, CAT, GPx and GR which were supposed to
neutralize the toxic effect of the excess free radicals generated
during oxidative stress causing hepatocellular injury. These alter-
ations in the physiological balance between the oxidative stress and
antioxidant enzymes during HFD consumption further worsen the
hepatic functions leading to the development of NASH and insulin
s of fresh liver shown in Fig. 5 from the three groups. Histopathological examination of
ges were viewed under 20� magnification (scale bar¼ 100 mm). The presence of lipid
res of HFD induced NAFLD.
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resistance.2,17 Various agents including some of the dietary com-
ponents were reported to induce liver damage by increasing
oxidative stress in hepatic cells. Substances acting against oxidative
stress have been found to be beneficial in such conditions. One of
the widely studied substances that prevent oxidative stress and
thereby protect against hepatic damage is naturally occurring
curcumin.43 In our study, calcium supplementation showed a
similar protective effect against HFD induced oxidative stress by
restoring the physiological balance between oxidative stress and
antioxidant enzymes. The protective role of the calcium supple-
mentation might be due to the inhibition of the excess hepatic lipid
accumulation which is considered to be a potent stimulator for
inducing oxidative stress in HFD obese rats.2 During HFD con-
sumption it lowered the level of reduced glutathione concentration
which was restored to near the normal level by calcium supple-
mentation. A similar decline of the glutathione with exposure to
HFD was observed in studies of Poudyal et al..44 The oxidative
damage within the hepatic tissue during HFD consumption is often
associated with the alteration in the liver enzymes like ALP, ALT,
and ASTwhich is generally seen in the obesity-associated fatty liver
due to the changes in the hepatic metabolism. Restoration of the
liver enzymes to their physiological levels in the calcium-
supplemented group revealed the preventive effect of calcium
supplementation against hepatic oxidative stress in the HFD group.

Lipid peroxidation is associated with cellular injury which in
turn releases TNF-a as well as increases the hepatic expression of
IL-6 along with an increase in plasma IL-6 level in HFD induced
obesity.45 Similar to these findings, our observation also showed an
increase in hepatic IL-6 and TNF-a expression in the HFD group. On
the other hand, calcium supplementation showed a protective ef-
fect against the HFD induced inflammatory response within the
liver by reducing both hepatic IL-6 and TNF-a expression. The
decrease in hepatic inflammation further resulted in the decline of
the serum CRP level in calcium-supplemented rats which generally
increases during obesity.45 The decrease in hepatic inflammation in
calcium-supplemented rats might provide future protection
against insulin resistance as well as hepatic steatosis associated
with obesity.1 Further, we observed that calcium supplementation
increased the fecal fat excretion which might lower the circulating
free fatty acids thereby preventing the uptake of FFA by the liver.
During the intake of calcium-rich diet, the calcium binds to the fatty
acids in the colon and prevents the fat absorption thereby elimi-
nating the fatty acids through feces.46 Thus, the low level of
circulating FFA in our calcium supplemented rats might further
prevent the activation of the inflammatory response by down-
regulating the production of TNF-a which are produced by FFA
induced activated Kupffer cells.14

The hepatic fatty acid metabolism is under the tight regulation
of diverse nuclear receptors, like peroxisome proliferator-activated
receptor (PPARs) and liver X receptor (LXR). These receptors are
regulated by hepatic lipid accumulation which in turn alters the
expression of several genes involved in fatty acid metabolism.14 We
observed a decline in PPAR-g activity in animals of the calcium-
supplemented group which might, in turn, suppressed the lipo-
genic activity as shown by inhibition of hepatic FAS activity and
triglyceride accumulation. The entry of fatty acid through blood
circulation into the liver from obese adipose tissue in the HFD
group might have up-regulated the PPAR-g activity as fatty acids
within the liver act as a ligand for its activation.47 PPAR-g up-
regulation by HFD triggers NAFLD through the stimulation of
lipogenic factors, which are implicated in the fatty acid synthesis
and exerting noxious effects by increasing the hepatic lipogen-
esis.48 The decrease in the PPAR-g activity in calcium-
supplemented group protects from lipid accumulation as seen in
liver-specific PPAR-g knock out mice which shows protection
against hepatic lipid accumulation, improved glucose tolerance and
down-regulation of the lipogenic pathway.7 This reduction in the
hepatic lipid accumulation by downregulating the lipogenesis ac-
tivity might have reduced the degree of lipid droplet formation as
well as the degree of steatosis and prevented the progression to-
wards NASH and as observed from the histopathological data of our
study. The down-regulation of hepatic lipid accumulation prevents
the hepatocytes from hepatic oxidative stress in HFD induced
NAFLD rats.49Dietary effect of calcium supplementation seemed to
prevent the progression of NAFLD towards NASH as seen by an
effective dietary supplement like Naringenin, through several
cellular mechanism involving the inhibition of pro-inflammatory
reactions mediated by TNF-a, IL-6, TLR-4, inducible nitric oxide
synthase (iNOs), cyclooxygenase-2 and NADPH oxidase-2 and also
prevent the metabolic dysregulation by activating AMP-activated
protein kinase (AMPK).14

In addition, we further examine the involvement of hepatic
AMP-activated protein kinase (AMPK) activity after considering its
potential role in hepatic lipid metabolism and could be a possible
target for the treatment of fatty liver.14 The down-regulation AMPK
activity during HFD consumption in our study may be associated
with the pathological consequences of obesity-induced fatty liver
as seen in earlier reports.50 AMPK, is a crucial metabolic sensor
whole activation through phosphorylation down-regulates the
hepatic lipogenesis activity and glucose production during the
development of NAFLD.51 Thus, re-activation of AMPK activity in
response to calcium supplementation in our study suppressed the
lipogenic pathway thereby reducing the hepatic lipid content. Not
only calcium and vitamin D regulate AMPK activity in muscle and
heart15,52 but calcium supplementation individually also seemed to
regulate hepatic AMPK activity as observed from our study. Further,
it was also observed that activation of AMPK may down-regulate
the hepatic PPAR-g activity and subsequent lipid accumulation as
in HFD induced obese mouse model.53 Apart from regulating
metabolic pathways, AMPK activation can also suppress the
oxidative stress as well as nuclear kappa beta (NF-kb) mediated
inflammatory responses in HFD diet-induced obesity and its asso-
ciated metabolic complications including NAFLD.17 So the changes
in the activity of hepatic AMPK through phosphorylation seemed to
play a vital role against HFD induced fatty liver.

5. Conclusion

In conclusion, calcium supplementation showed a hep-
atoprotective effect against HFD by preventing the oxidative stress,
inflammation, up-regulating the AMPK activity and down-
regulating the PPAR-g mediated lipogenesis activity. Since liver
plays a vital role in the development of insulin resistance further
studies regarding the effect of dietary calcium on several hepatic
signaling pathways associated with glucose metabolism and dia-
betes are required to fully elucidate the role of calcium supple-
mentation in the progression of metabolic disorders during HFD
consumption.
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