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Time effects of a high-fat diet on hepatic iron concentrations in rats
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Summary

Nonalcoholic fatty liver disease (NAFLD) is caused by the excessive accumulation of fat in the liver, and includes
simple fatty liver and nonalcoholic steatohepatitis (NASH). Iron overload in the liver has been implicated in a patho-
genesis of NASH because it induces oxidative stress. Although high-fat (HF) diets have been reported to increase
hepatic iron concentrations, this remains controversial. We hypothesized that a HF diet may increase hepatic iron
concentrations in the short term, but that this effect disappears when the duration of the dietary treatment is ex-
tended.
rats were fed a control (CT) or HF diet for 4, 8, or 12 weeks.

centrations at 4 weeks, and these levels remained stable until the end of the experimental period. Hepatocyte bal-

In order to determine the time effects of a HF diet on hepatic iron concentrations, male Sprague-Dawley
The HF diet increased hepatic triacylglycerol con-

looning was observed at each week in the livers of rats fed the HF diet; however, it may have been immature at 4
weeks. Furthermore, many large and small vesicles were detected in the livers of the HF group at 8 and 12
weeks, but not at 4 weeks. Oxidative stress markers, such as the concentration of thiobarbituric acid reactive sub-
stances (TBARS) and the mRNA expression of heme oxygenase-1, in the liver were higher in the HF group than in
the CT group at 8 weeks. A higher concentration of TBARS was also observed at 4 weeks. However, these dif-
ferences disappeared by 12 weeks. The HF diet did not affect the mRNA expression of inflammation markers such

as interleukin-6 and cluster of differentiation 45 during the experimental period. A histological examination revealed

the absence of inflammation in the livers of HF rats. Hepatic iron concentrations were not affected by the HF diet

throughout the experimental period. These results demonstrated that the HF diet did not affect iron concentrations

in the liver.

Introduction

Nonalcoholic fatty liver disease (NAFLD) is caused by
the excessive accumulation of fat in the liver, and its
pathogenesis does not involve significant alcohol
consumption or viral infection. NAFLD includes simple
fatty liver and nonalcoholic steatohepatitis (NASH), the
progressed form of NAFLD" .

Oxidative stress and inflammatory cytokines have
been identified as causative factors of inflammation and
fibrosis in simple fatty liver? . Some NASH patients
have high hepatic iron concentrations, and iron overload
has been suggested to induce NASH through the pro-
duction of oxidative stress®” . Therefore, phlebotomy is
sometimes used to treat NASH” . Hepatic iron concen-
trations were previously shown to be increased by the
consumption of a high-fat (HF) diet for 2 weeks following
a 3-week iron depletion period in rats® . Furthermore,

the consumption of a HF diet for 4 weeks increased he-

patic iron concentrations when dietary zinc concentra-
tions were marginally low® .

Obesity has been proposed as a risk factor for an iron
deficiency” . Diet-induced obese rats were previously
reported to have higher iron requirementsg) . Further-
more, hepatic iron concentrations were decreased in
mice by the consumption of a HF diet for 16 weeks” .

Our previous study showed that the consumption of a
high-fat and high-sucrose diet for 12 weeks induced oxi-
dative stress and inflammation, increased the mRNA ex-
pression of hepcidin, a hormone that suppresses iron ab-
sorptionw) , and decreased iron concentrations in the rat

liver'V .

These findings suggested that the expression of
hepcidin was up-regulated by inflammation, resulting in
reductions in hepatic iron concentrations because the ex-
pression of hepcidin is known as an inflammatory reac-
tion in the liver'” .

Therefore, the relationship between HF diets and

hepatic iron concentrations remains controversial. We
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hypothesized that hepatic iron concentrations may be
increased by the short-term consumption of a HF diet,
but then decrease in the long term. We herein examined
the effects of a HF diet on hepatic iron concentrations
over time and investigated the relationship between
hepatic iron concentrations, oxidative stress, and

inflammation.
Materials and Methods

1. Animals and diets

Thirty-six male, pathogen-free Sprague-Dawley rats
aged 4 weeks were purchased from Japan SLC (Shizuoka,
Japan). Rats were divided into a control diet group (CT)
or HF diet group and fed one of the experimental diets
(Table 1) for 4, 8, or 12 weeks after a 1-week adaptation
period. The American Institute of Nutrition-93G (AIN-
93G) diet'? was provided for all rats in the adaptation
period and CT rats in the experimental periods. HF rats
were fed a HF diet in the experimental periods. The
energy concentrations of the diets were estimated by the
calorie factor of Atwater™ for the calculation of energy
intake (Table 1).

All rats were individually housed in stainless steel cag-
es in a temperature-, humidity-, and lighting-controlled
room (24°C, 50%, and 5:00-19:00, respectively) with free
access to the respective diets and distilled water. Ani-
mals were cared for according to the Guide for the Care
and Use of Laboratory Animals (Animal Care Committee,
Kyoto University), and the experimental protocol was ap-

proved by the ethics committee (no. 26-43).

2. Sample collection and biochemical analyses

Body weight and food intake were individually
measured once a week and every day, respectively,
during the experimental period. At the end of the
experimental period, a blood sample was obtained from
the abdominal aorta under isoflurane anesthesia after
overnight fasting. Livers and fat pads (inguinal,
epididymal, mesenteric, and perinephric) were excised
and weighed. Plasma was separated by centrifugation
and frozen at -80°C until analyzed. The weight of the fat
pads was used to calculate the adiposity index (Adiposity
index = the summed weight of fat pads/body weight X
100" .

The concentration of triacylglycerol (TG) in the liver
was measured using the Triglyceride E-test kit (Wako
Pure Chemical, Osaka, Japan) after chloroform-methanol
extraction.

The hepatic concentration of thiobarbituric acid reac-

tive substances (TBARS) was measured using a com-
mercial kit (OXItek TBARS Assay Kit, Enzo Life Sci-
ences Inc., NY, USA).

aspartate aminotransferase (AST) and alanine amino-

The activities of plasma

transferase (ALT) were determined using a commercial
kit (Transaminase Cll-test kit, Wako Pure Chemical).
Total RNA was extracted from liver samples and
quantitative reverse transcription PCR (qRT-PCR) was
performed (Roter-Gene 6000, Corbett Research, Sydney,
Australia) as described previouslyls). The mRNA
expression of hepcidin, heme oxygenase-1 (Ho-1),
interleukin-6 (//-6), and cluster of differentiation 45 (Cd4.5)
was determined by the qRT-PCR method. The PCR
primers used are shown in Table 2. The mRNA of
glyceraldehyde 3-phosphate dehydrogenase (Gapdh) was
used as an internal control. Amplification was performed
The threshold cycle (Ct) value was
determined, and the abundance of gene transcripts was
calculated from the Ct value using Gapdh. When a
transcript was not detected by the qRT-PCR analysis,

with 40 cycles.

the relative expression level was calculated as 40 of the
Ct value for the transcript.

The concentration of plasma iron was measured using
the Fe C-test kit (Wako Pure Chemical).

concentrations in the diets and livers were determined

Iron

using an atomic absorption spectrophotometer (AA-
6600F; Shimadzu, Kyoto, Japan) after wet-digestion with
nitric acid and hydrochloric acid. Protein concentrations
in livers were determined using the BCA method™ to
calculate hepatic iron concentrations.

Formalin-fixed, paraffin-embedded liver tissue sections

were stained with hematoxylin and eosin for histological

Table 1 Composition of experimental diets (g/kg air dry matter)

CT HF

Cornstarch 3975 1155
Dextrinized cornstarch 132 132
Sucrose 100 100
Casein 200 200
Lard 0 312
Soybean oil 70 40
Cellulose 50 50
Mineral premix’ 35 35
Vitamin premix® 10 10
L-Cystine 3 3
Choline bitartrate 25 25
TBHQ 0.014 0.014
Energy concentration (kcal/kg)® 3868 5280
Iron concentration (mg/kg diet) 40.12 39.89

! AIN-93G-MX.

* AIN-93-VX.

TBHQ, tert-butylhydroquinone.
® Energy concentrations were estimated by the calorie factor of
Atwater™ .



Table 2 Primer pairs used for quantitative RT-PCR

Genes Forward primer Reverse primer

Gapdh 5-ACAACTTTGGCATCGTGGA-3 5-CTTCTGAGTGGCAGTGATGG-3

Hamp 5-GCTGCCTGTCTCCTGCTT-3 5-AGCCGTAGTCTGTCTCGTCTG-3

Ho-1 5-TTTCCGCCTCCAACCAGCGA-3 5-TGGGACATGCTGTCGAGCTGTG-3

-6 5-AGCCCACCAGGAACGAAAGTCAAC-Z 5-ACAACATCAGTCCCAAGAAGGCAAC-3
Cd45 5-ACAAGACAGAAGGGTGCAGAC-3 5-CATTGAACATGGGGAAGCAT-3

Gapdh, Glyceraldehyde 3-phosphate dehydrogenase; Hamp, Hepcidin gene; Ho-1, heme oxygenase-1; //-6, interleukin-6; Cd45, cluster

of differentiation 45.

observations.

3. Statistical analysis

Data are presented as means = SEM (n = 6). Data on
mRNA expression as well as AST and ALT activities
were log-transformed to provide an approximation of a
normal distribution before analyses. Significant
differences among groups for all data, except for mRNA,
were calculated by a two-way ANOVA followed by
Tukey's test as a post hoc test (SAS Institute Inc., NC,
USA). Differences in mRNA data between the CT and
HF groups in the same feeding period were evaluated by
the 2-tailed Student’s #test. A difference of P < 0.05 was

considered significant.

Results

Feed intake was significantly lower in the HF group
than in the CT group at 4 and 8 weeks (Table 3). No
significant difference was observed in body weight gain
between the CT and HF groups during the experimental
period. Thus, feed efficiency was significantly higher in
the HF group than in the CT group. Since dietary
nutrient concentrations other than fat and carbohydrate
were designed to be almost constant in the diets
(Table 1), iron intake was significantly lower in the HF
group than in the CT group because of the lower feed
intake by the HF group.

Energy intake was significantly higher in the HF
group than in the CT group at 12 weeks, whereas no
significant difference was observed at 4 or 8 weeks
(Table 4). Liver weights were significantly higher in the
HF group than in the CT group at 8 weeks. The
adiposity index was significantly higher in the HF group
Hepatic TG

concentrations were significantly higher in the HF group

than in the CT group at 12 weeks.

than in the CT group during the experimental period,

whereas the duration of the experimental period did not

affect hepatic TG concentrations in either group.
TBARS is an oxidative stress marker'” . In the

present study, hepatic TBARS concentrations were

significantly higher in the HF group than in the CT
group at 4 and 8 weeks; however, this difference
disappeared by 12 weeks (Table 5). Plasma AST and
In the

present study, no significant differences were observed

ALT activities are markers of liver injury.

in plasma AST activity between the dietary groups,
whereas plasma ALT activity was significantly higher in
the HF group than in the CT group at 8 and 12 weeks.
Hamp is a gene of the iron regulatory hormone,
hepcidin'® . Ho-1 has been identified as an oxidative
stress marker'” , and 116 and Cd45 are used as markers

1519 In some rats in each group, Ho-1

of inflammation
and //-6 transcripts were not detected by qRT-PCR
analyses. Therefore, relative expression levels were
calculated as 40 of the Ct value for the transcript. No
significant differences were observed in the hepatic
expression of Hamp, I1-6, or Cd45 between the dietary
groups and these also remained unchanged in each
dietary group (Table 6). The expression of Ho-1 in the
liver was slightly higher (P = 0.090) in the HF group
than in the CT group at 8 weeks only.

Iron concentrations in plasma were not affected by the
dietary treatment or experimental period (Table 7).
Hepatic iron concentrations based on wet weights and
protein concentrations were not affected by the dietary
treatment.

Hepatocyte ballooning, a typical change observed in
hepatocytes with NAFLD? | was observed in the HF
group at each period (Fig. 1). However, it may have
been immature at 4 weeks. Many large and small
vesicles were observed in the livers of the HF group at 8
On the other hand, this abnormal

histology was not observed in the livers of the CT group

and 12 weeks.

throughout the experimental period. Inflammatory cell

infiltration was not detected in the livers of either group

throughout the experimental period.

Discussion

The HF diet decreased feed intake and increased feed



Table 3 Effects of a high-fat diet and feeding period on feed intak

e, body weight gain, feed efficiency, and iron intake

Feed intake (g/day)

Body weight gain (g/day)

Feed efficiency (g/g) Iron intake (mg/day)

CT HF CT HF CT HF CT HF
4 weeks 2125 = 069" 1596 + 0.74° 855 = 0.36° 879 = 058" 040 = 001" 055 = 0.01° 085 = 003" 064 = 0.03"
8 weeks 2140 = 065" 1760 = 038" 650 = 024" 718 = 0.18" 0.19 = 0.00° 027 = 000" 086 = 003" 070 = 0.02"
12 weeks 20.14 = 058" 1766 + 062" 476 = 016° 585 = 0.18™ 024 = 0.00° 033 = 001° 081 = 002" 070 = 0.02
ANOVA Effect (P)
Diet < 0.001 <0.05 < 0.001 < 0.001
Feeding period NS < 0.001 < 0.001 NS
Diet X Feeding period NS NS < 0.001 NS

Values are the mean £ SEM (n = 6). Mean values with different superscript letters were significantly different (P < 0.05).

Feed efficiency = Body weight gain / Feed intake.
Iron intake = Iron concentration in the diet X Feed intake.

Table 4 Effects of a high-fat diet and feeding period on energy intake, liver weight, the adiposity index, and liver TG

Energy intake (kcal/day)

Liver weight (g)

Adiposity index Liver TG (mg/g liver)

CT HF CT HF CT HF CT HF
4 weeks 7927 + 257" 8125 = 3.76™ 11.36 + 053" 1253 = 079" 515 * 025° 6.80 = 040™ 14.07 + 1.84" 80.84 = 874"
8 weeks 81.31 = 246™91.28 + 198" 1344 = 068" 1856 + 1.96° 795 = 033" 897 + 053 19.26 = 4.10" 81.33 = 10.48"
12 weeks 7698 + 223" 92.15 = 324" 14.33 + 089" 1868 = 1.29°  7.33 + 0.64™ 1044 = 087" 2193 * 345" 78.35 = 945°
ANOVA Effect (P)
Diet < 0.001 < 0.001 < 0.001 < 0.001
Feeding period NS < 0.001 < 0.001 NS
Diet x Feeding period NS NS NS NS

Values are the mean £ SEM (n = 6). Mean values with different superscript letters were significantly different (P < 0.05).
Energy intake = Energy concentration of the control or high-fat diet X Feed intake.
Adiposity index = the sum of adipose tissue mass (inguinal, epididymal, mesenteric, and perinephric fat) / body weight x 100.

TG, triacylglycerol.

Table 5 Effects of a high-fat diet and feeding period on liver TBARS and plasma ALT and AST activities

Liver TBARS (nmol/mg protein) ALT IU/L AST IU/L
CT HF CT HF CT HF

4 weeks 21.71 = 2.26° 7042 * 16.10™ 1.09 = 0.03° 111 = 005 1.80 £ 0.02 1.89 = 0.03
8 weeks 2862 = 241™ 7894 + 1378 0.93 + 0.09° 159 + 0.14° 1.78 + 0.02 208 = 0.12
12 weeks 3015 = 609" 5846 = 1582 1.00 = 007 164 £ 0.19° 1.82 £ 0.02 208 = 0.14
ANOVA Effect (P)
Diet < 0.001 < 0.0001 <001
Feeding period NS NS NS
Diet X Feeding period NS < 0.01 NS

Values are the mean £ SEM (n = 6). Mean values with different superscript letters were significantly different (P < 0.05).
Data on AST and ALT were log-transformed to provide an approximation of a normal distribution before analyses.
TBARS, thiobarbituric acid reactive substances; ALT, alanine aminotransferase; AST, aspartate aminotransferase.

efficiency, but did not affect body weight gain. Rats are
known to consume food to satisfy their energy
requirements; energy intake was previously shown to
remain constant in rats even if dietary fat content
ranged between 1 and 30%2" . Similar results were
observed in the present study; the HF diet decreased
feed intake, whereas energy intake did not change or
slightly increased.

The HF diet increased hepatic TG concentrations at 4
weeks, and these levels remained stable until the end of
the experiment. Histological observations revealed
hepatocyte ballooning in the livers of the HF group at
each period, but this appeared to be immature at 4

weeks. Many large and small vesicles were detected in

— 3

the livers of the HF group at 8 and 12 weeks, but not at
These results clearly demonstrated that the
HF diet induced fatty liver within 4 weeks. On the other
The
adiposity index was increased in the HF group at 12
These
results suggested that the HF diet induced fatty liver

4 weeks.
hand, the liver histologically changed thereafter.
weeks, indicating that HF rats became obese.

prior to the induction of obesity in rats.

TBARS and Ho-1 are well-known markers of oxidative
stress’” . The HF diet increased TBARS concentrations
in the liver at 4 and 8 weeks, but this increase
disappeared at 12 weeks. The hepatic expression of
Ho-1 was slightly increased in the HF group at 8 weeks

only. These results demonstrated that the HF diet

O_



Table 6 Effects of a high-fat diet on hepatic mRNA expression at different feeding periods

4 weeks 8 weeks 12 weeks
CT HF CT HF CT HF
Hamp 1.00 = 0.90 0.60 + 0.39 1.00 = 0.71 0.70 = 0.34 1.00 = 0.44 037 = 0.14
Ho-1 1.00 = 0.83 085 + 048 1.00 = 0.89 647 + 3.32 1.00 = 0.64 053 + 0.25
11-6 1.00 = 0.96 0.03 + 0.03 1.00 = 043 1.08 = 0.58 1.00 = 1.00 208 + 1.19
Cd45 1.00 = 0.39 094 + 0.56 1.00 = 0.37 1.71 = 091 1.00 = 0.31 095 + 0.22

Values are the mean = SEM (n = 6). Data on mRNA were log-transformed to provide an approximation of a normal distribution

before analyses.

The expression of mRNA was expressed as a relative value to the respective control group. Differences between the control group
and high-fat group were evaluated by a t-test. In some rats, Ho-1 and //-6 transcripts were not be detected by qRT-PCR analyses;
therefore, the relative expression level was calculated as 40 of the Ct value for the transcript.

Hamp, Hepcidin gene; Ho-1, heme oxygenase-1; /-6, interleukin-6; Cd45, cluster of differentiation 45.

Table 7 Effects of a high-fat diet and feeding period on iron concentrations

Plasma iron (ug/dL)

Liver iron (ug/g)

Liver iron (ug/mg protein)

CT HF CT HF CT HF

4 weeks 7358 = 598 9750 = 16.76 8214 = 455 9278 + 6.87 548 + 0.32 717 =082
8 weeks 71.86 = 5.06 8289 = 192 11418 = 754 98.11 £ 9.17 727 = 056 713 = 054
12 weeks 8142 = 833 8428 = 495 111.38 = 1012 113.22 = 850 6.58 = 0.54 757 = 046
ANOVA Effect (P)

Diet NS NS NS

Feeding period NS < 0.05 NS

Diet X Feeding period NS NS NS

Values are the mean £ SEM (n = 6). Mean values with different superscript letters were significantly different (P < 0.05).

induced oxidative stress, but only temporarily. It
currently remains unclear why oxidative stress
disappeared with the long-term consumption of the HF
diet.

Inflammation is a major characteristic of NASH" . No
significant differences were observed in the hepatic
expression of /-6 or Cd45 between the HF and CT
groups during the experimental period. Further
inflammation was not histologically observed, even in the
HF group, during the experimental period. On the other
hand, ALT, but not AST activity in plasma was higher
in the HF group than in the CT group at 8 and 12
weeks, suggesting that hepatic lesions were induced by
the HF diet. Therefore, slight inflammation may have
been induced by the HF diet that was not detected by
gene expression or histological analyses.

Bowering et al.” previously reported that iron
concentrations in the rat liver were increased by feeding
a HF diet high in lard for 2 weeks following a 3-week
iron depletion period. Boesch-Saadatmandi et al® found
that the consumption of a HF diet high in beef tallow for
4 weeks increased hepatic iron concentrations when
dietary zinc concentrations were marginally low. On the
other hand, the present results showed that the HF diet
high in lard did not affect hepatic iron concentrations
during the experimental period. The reason for this
inconsistency currently remains unknown; however, the

response of hepatic iron concentrations to HF diets may

be induced by a disturbance in iron and zinc metabolism,
as reported by Bowering et al” and Boesch-Saadatmandi
et al” We previously demonstrated that a high-lard and
high-sucrose diet increased the expression of hepcidin in
the liver by inducing inflammation, which then reduced
iron concentrations'” . The HF diet may have induced
inflammation that was insufficient to enhance the
expression of hepcidin in the present experiment. The
HF diet did not affect the expression of hepcidin and,
thus, did not decrease hepatic iron concentrations.

It is important to note that animals had free access to
the diets in all cited studies using HF diets. Since a
decrease in feed intake was observed in rats given HF
diets, the intakes of iron and other nutrients were less in
animals fed these diets than in their respective controls.
Therefore, the effects of a HF diet include reduced
intakes of iron and other nutrients, which may have, in
turn, affected hepatic iron concentrations.

NASH patients with mild to moderate iron deposition
in the liver and high serum ferritin levels are now
regarded as having dysmetabolic iron overload syndrome
(DIOS) *'.

previously reported in mice fed a diet high in corn oil for
23)

An increase in hepatic iron levels was

5 weeks™ and in rats given a diet high in coconut fat for

24) 25 .
or 12 weeks® , and these animals are

8 weeks
regarded as models of DIOS. Therefore, the type of fat
may affect the response of hepatic iron concentrations to

the consumption of a HF diet. Further studies are



8 weeks 12 weeks

4 weeks

Fig. 1 Representative histology of the liver of rats fed control

(CT) and high-fat (HF) diets (hematoxylin and eosin
staining).

Ballooned hepatocytes are shown in enlarged figures.
Scale bars, 40 um.

needed in order to clarify the effects of different types of

fat on hepatic iron concentrations.
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