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Abstract

preneoplastic lesions in the liver.

Background: The aim of this study was to investigate dose-response effects of vitamin D3 (VDs) supplementation on
the early stages of diethylnitrosamine (DEN) and carbon tetrachloride (CCl,)-induced hepatocarcinogenesis in rats.

Methods: The animals were randomly allocated into six experimental groups (10 rats each) treated as follows: group 1:
no treatment; groups 2-6: single intraperitoneal injection of N-diethylnitrosamine; groups 2-6: intragastric CCl,; groups
3-6: intragastric VD3 at 10,000, 20,000, 40,000, and 60,000 IU/kg b.w., respectively.

Results: Serum 25-hydroxyvitamin D (25-OHD) levels in the VDs-supplemented groups were significantly higher than
those in the control groups (G1 and G2, p < 0.001). Serum levels of phosphate were higher in the groups supplemented
with VD5 at 10,000 and 60,000 IU/kg (G3 and G6, p < 0.005). VD5 higher doses reduced cell proliferation and the number
of larger placental glutathione S-transferase (GST-P)-positive hepatocellular preneoplastic lesions. Neither the DEN/CCl4
regimen nor the VD5 supplementation altered vitamin D receptor (VDR) protein expression in the liver.

Conclusion: The results indicate that high-dose VD5 supplementation reduced the development of DEN/CCls-induced
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Background

Vitamin D (VD) deficiency is a trending global health issue
[1-3]. According to the World Health Organization
(WHO), over a billion people worldwide are VD deficient
or insufficient [4, 5]. This highly prevalent condition has
been associated with an increased risk of developing
chronic diseases such as diabetes, obesity, and cancer [6-8].
Over the past few years, a growing number of epidemio-
logical studies have reported that VD deficiency is very
common in patients with chronic liver diseases [9-12].
Clinical evidence highlights the prevalence of VD deficiency
among patients with chronic hepatitis C, cirrhosis, and he-
patocellular carcinoma (HCC) [13-16]. Therefore, VD sup-
plementation has become an appealing treatment in order
to prevent, suppress, or ameliorate a number of chronic
liver diseases [7, 17-20].
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Dietary VD can be obtained through naturally food
sources containing VD, (ergocalciferol), which is found in
plant sources, or VD3 (choleocalciferol), found in animal
sources [21, 22]. However, the major source of VD3 comes
from natural synthesis in the human skin through exposure
to natural sunlight [23, 24]. The energy of ultraviolet B sun
rays stimulates vitamin D synthesis in the skin from the con-
version of 7-dehydrocholesterol to the secosteroid VDs. VD3
is further hydroxylated in the liver to a circulating pro-
hormone 25-hydroxyvitamin D (250HD;, calcidiol). This
hydroxylation, which occurs exclusively in hepatocytes, is
mediated by CYP27A1 and CYP2R1 that show different spe-
cificity and affinity for VD3 [25]. The conversion of 250HD3
to its final active form 1,25-dihydroxyvitamin Dj
(1,250HD;, calcitriol) is subsequently achieved in the kid-
neys through enzymatic activity catalyzed by the mitochon-
drial cytochrome la-hydroxylase (CYP27B1) enzyme [1, 26].

The biological functions of the active form of VD3 are
mediated by the nuclear vitamin D receptor (VDR), a
high-affinity phosphoprotein receptor that binds to the

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s41110-018-0065-2&domain=pdf
mailto:mariana.tablas@ibb.unesp.br
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Tablas et al. Nutrire (2018) 43:12

1,250HD3; hormone and regulates gene expression in a
number of cellular processes, including cell proliferation,
differentiation, apoptosis, and immunomodulation [20,
27]. Therefore, the hepatic expression of VDR is sug-
gested to be inversely associated with the severity of liver
damage [25-28]. Low liver VDR expression has been im-
plicated in the development of non-alcoholic steatohepa-
titis (NASH), fibrosis, and HCC [27].

To date, only a few rodent studies have proposed that
VD3 supplementation reduces chemically induced rat hepa-
tocarcinogenesis or liver fibrosis, with a positive outcome
observed in the late stages of these diseases [17, 29, 30].
The purpose of the present study is therefore to investigate
dose-response effects of VD supplementation in the early
stages of diethylnitrosamine (DEN) and carbon tetrachlor-
ide (CCly)-induced hepatocarcinogenesis in rats.

Methods

Animals

Four-week-old male Wistar rats, acquired from the Sio
Paulo University Medical School (Ribeirdo Preto, SP,
Brazil), were housed in polypropylene cages under con-
trolled temperature (22 + 2 °C), humidity (55 + 10%), and
lighting (12 h light/12 h dark cycle) with free access to
water and commercial chow (Presence®, Parand, Brazil).

Study design

The animals were randomly assigned into six experimen-
tal groups of 10 rats each. Group 1: untreated group
(sham); groups 2—6: received a single intraperitoneal injec-
tion of 200 mg/kg body weight (b.w.) of N-diethylnitrosa-
mine (DEN, Sigma-Aldrich Co., St. Louis, CA, USA) as an
initiating agent. Groups 2—6 received intragastric adminis-
trations of 1.0 ml/kg b.w. of carbon tetrachloride (CCl,,
Dinémica®, SP, Brazil), once a week, as a promoting agent
for 10 weeks and stopped [31, 32]. Groups 3—6 received
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intragastric administration of VD3 (Dry Vitamin D3 100,
BASF—Ludwigshafen, Germany) at 10,000, 20,000, 40,000
and 60,000 IU/kg b.w., respectively, on alternate days for
16 weeks. Both CCl, regimen and VD3 supplementation
started 2 weeks after DEN administration.

At the end of the experiment, the animals were eu-
thanized by exsanguination under sodium pentobar-
bital anesthesia (30 mg/kg b.w.). Peripheral blood
samples were collected for measuring serum aspartate
amino transferase (AST, automated kinetic method,
Cobas C501—Roche, USA), cholecalciferol (250HDs,
high-performance liquid chromatography—HPLC),
calcium, and phosphate (Bioclin, Germany). After the
sacrifice, the liver was removed and weighed. Liver
tissue fragments were collected and either stored at
-80 °C for protein extraction or fixed in 10%
phosphate-buffered formalin for histological and im-
munohistochemical analyses (Fig. 1).

Immunohistochemistry

Immunoreactivity for Ki-67 and placental glutathione S-
transferase (GST-P) was detected using a universal labeled
Streptavidin-Biotin system (LSAB System-HRP, DakoCy-
tomation, Denmark). Briefly, deparaffinated 5-um liver
sections on silanized slides were sequentially treated with
citrate buffer (120 °C, 5 min) in a Pascal Pressure Cham-
ber (DakoCytomation, Denmark), 3% H202 in phosphate-
buffered saline (PBS) (10 min), skim milk (60 min), rabbit
monoclonal anti-Ki-67 (1:100 dilution, Abcam, UK) or
GST-P (1:1000 dilution, Medical & Biological Laborator-
ies, Japan) antibodies overnight (4 °C) and biotinylated
universal link and streptavidin HPR (20 min each). Color
development was achieved using 3,3-diaminobenzidine
(DAB, Sigma-Aldrich, USA) and counterstained with Har-
ris’s hematoxylin. The proliferative index was defined as
the number of Ki-67-positive hepatocytes per microscope
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field (40 microscopic fields per animal at x 40 objective).
Preneoplastic liver lesions (PNL) were assessed by immu-
nohistochemical staining for GST-P, a biomarker for de-
tection of preneoplastic and neoplastic lesions [33, 34].
GST-P-positive PNL were measured using a KS-300 image
analysis software (Kontron Elektronic, Germany). Data
were expressed as number of GST-P-positive PNL per
liver area (cm?), classified into three different sizes: <
0.5 mm? 05-1.0 mm? and >1.0 mm [34, 35]. Larger
GST-P-positive lesions are indicative of promoting effects
and higher growth rates [34].

Western blot analysis

Liver samples were homogenized in lysis buffer (1% Triton
X-100 and 2 pl/100 ml protease inhibitor, Sigma-Aldrich,
USA). After this procedure, the extracted material was cen-
trifuged (4000 rpm, 4 °C, 20 min) and the supernatant col-
lected for protein quantification by Bradford’s method.
Aliquots of liver homogenates containing 70 pg of total pro-
tein were heated (95 °C, 5 min) in sample-loading buffer
and, then, electrophoretically separated in a 12% SDS-
PAGE gel under reducing conditions and transferred to
nitrocellulose membranes (Sigma-Aldrich, USA). Mem-
branes were blocked with skim milk in TBS-T (0.05 M Tris,
0.15 M NaCl, pH 7.2, 1% Tween-20) for 1 h. The nitrocellu-
lose membranes were subsequently incubated with poly-
clonal antibodies rabbit anti-VDR (1:1000 dilution, Santa
Cruz Biotechnology, CA, USA) and anti-CYP27A1 (1:1000
dilution, Santa Cruz Biotechnology, CA, USA) or goat poly-
clonal anti-actin (1:1000 dilution, Santa Cruz Biotechnology,
USA) primary antibodies in 5% BSA solution overnight.
After five wash steps with PBS-T, membranes were incu-
bated with specific horseradish-conjugated secondary anti-
bodies, according to the primary antibodies used, for 2 h at
room temperature. Finally, after five wash steps, the mem-
branes were submitted to immunoreactive protein signals
(GE Healthcare Life Sciences, UK). Signals were captured
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by a G:BOXChemi system (Syngene, UK) controlled by an
automatic software (GeneSys, Syngene, UK). Band inten-
sities were quantified using densitometry analysis software
(Image J software, Austria). Finally, VDR and CYP27A1 pro-
tein expression was reported as fold change according to
actin protein expression, used as a normalizer.

Statistical analysis

Body weight, liver weight, food intake, as well as cell
proliferation index, the number of GST-P-positive le-
sions, and calcium and phosphorus levels were analyzed
by the ANOVA test and post hoc Tukey’s test. Statistical
analysis was performed using the Jandel Sigma Stat Soft-
ware (Jandel Corporation, San Rafael, CA, USA). Graph-
ics were generated by the GraphPad Prism software
(Version 6.01, La Jolla, CA). Statistical differences were
considered significant when p < 0.05.

Results

Body weight, food intake, and liver weight

A significant reduction in body weight gain and final body
weight was observed in the groups receiving VD5 supple-
mentation at doses of 40,000 and 60,000 IU/kg b.w. (G5
and G6, p <0.001) when compared to the untreated and
DEN/CCl4-treated groups (G1 and G2, respectively). The
weight loss in the VD3 high-dose groups was accompanied
by a significant decrease in food intake (G5 and G6, p <
0.001) (Table 1). The relative liver weight was significantly
lower in the groups supplemented with high doses of VD3
(G5 and G6, p<0.001) than in the untreated and DEN/
CCl4-treated groups (G1 and G2, respectively).

Serum levels of 250HD3, AST, calcium, and phosphate
Serum 25-hydroxyvitamin D (25-OHD) levels in VDs-
supplemented groups were significantly higher than
those in the control groups (Gl and G2, p<0.001)
(Fig. 2).

Table 1 Effects of vitamin D3 supplementation on final body weight, body weight gain, food intake, and liver relative weight

among the experimental groups

Groups/treatments (kg b.w.) No. of rats Final body weight (g)

Body weight gain (g)

Food intake (g/rat/day) Liver relative weight (%)

Non-supplemented

G1 Control (SHAM) 10 558 + 46.1

G2 DEN + CCl4 10 498 + 456
Supplemented

G3 VD5 10,000 U 10 508 £ 772

G4 VD5 20,000 IU 10 515 £ 555

G5 VD5 40,000 1U 10 452 + 69.8*

G6 VD5 60,000 U 10 407 £ 73.4%**

238 + 340 2.30 + 0.08 299 + 263
195+ 370 273 £034 290 £321
205 +57.2 271 +£0.15 30.1 +3.30
206 + 408 270 £0.17 29.7 £ 3.02
149 £ 52.8% 289 + 0.27* 27.3 £ 478**
106 £ 51.7%% 2.88 £0.18% 24.8 £ 482%**

Values are means + SD (standard deviation). Means were compared by one-way ANOVA followed by Tukey’s multiple comparisons test. DEN = N-diethylnitrosamine
(200 mg/kg, i.p. single dose); CCl4 = carbon tetrachloride, i.g. 1.0 ml/kg, once a week for 10 weeks. G1 = untreated group (SHAM); G2 = DEN + CCl,; G3 to G6 = DEN +
CCly + VD3 (choleocalciferol) at 10,000 IU, 20,000 1U; 40,000 IU and 60,000 IU/kg (i.g., on alternate days for 16 weeks), respectively. Liver relative weight (%) = absolute

weight (g)/final body weight (g) x 100

*, **Significantly different from G1 or G2, respectively, p < 0.001
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Fig. 2 Serum levels of 25 (OH) D. Values are means + SD compared
by one-way ANOVA followed by Tukey's multiple comparisons test.
One asterisk indicates significantly different from G1, p < 0.0001. Two
asterisks indicate significantly different from G2, p < 0.0001, and three
asterisks indicate significantly different from G3, p <0.0001. G1 =
untreated group; G2 = DEN + CCl,; G3 = DEN + CCl, + VD3 10,000 1U;
G4 = DEN + CCl4 + VD5 20,000 IU; G5 = DEN + CCl, + VD5 40,000 IU;
G6 = DEN + CCl4 + VD3 60,000 IU

Furthermore, serum levels of phosphate were higher in
the groups supplemented with VD3 at 10,000 and
60,000 IU/kg (G3 and G6, p <0.005) than in remaining
groups. However, serum calcium and AST levels did not
differ among groups (Table 2).

Cell proliferation and preneoplastic lesion development
The average for Ki-67 labeling index (Ki-67 LI%) in the
DEN/CCl4-induced group (G2) was significantly higher
than that in the untreated group (G1, p <0.001). There
was a reduction in cell proliferation indexes in the
group that received the higher doses of VD (60,000 [U/kg
(p =0.0002, Fig. 3) when compared to the DEN/CCl4-
induced group (G2).
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With regard to the number of GST-P-positive PNL per
liver area, VD3 supplementation significantly reduced
the number of GST-P-positive PNL larger than 1.0 mm?
when compared to the positive control group (G2, p <
0.0001) (Fig. 4).

VDR and CYP27A1 protein expression

Hepatic VDR protein expression was similar in all
groups, independently of the DEN/CCI4 regimen or VD3
supplementation. In contrast, CYP27A1 protein expres-
sion was significantly higher in the liver from DEN/
CCl4-treated group (G2) than in the remaining groups
(G1, G4, G5, and G6, p = 0.007) (Fig. 5).

Discussion

The aim of this study was to investigate dose-response ef-
fects of VD3 supplementation on the early stages of DEN/
CCl4-induced hepatocarcinogenesis in rats. Our results in-
dicate that VD3 supplementation at 40,000 and 60,000 U/
kg significantly decreased body weight gain, accompanied
by a reduction in food intake. These findings are in agree-
ment with the literature indicating that VD3 intake may
contribute to weight loss [36]. Experimental studies and
intervention trials have proposed that VD3-mediated weight
loss may be attributed to the modulation of fat oxidation
profiles, thus increasing the overall metabolism [36, 37].
VD; has also been shown to be capable of modulating insu-
lin sensitivity and thereby decrease hunger, improve satiety,
and reduce food intake [38, 39]. Furthermore, relative liver
weight was also decreased in the groups supplemented with
high doses of VD3, but without no specific hepatocellular
alterations or ALT levels changes. Although VDj toxicity is
low, the doses used in this study were lower than
100,000 UI because higher doses can cause vitamin D in-
toxication, hypercalcemia, hyperphosphatemia, and ultim-
ately death [40, 41]. However, the possibility of long-term
high-dose toxicity should be investigated.

Table 2 Serum alanine aminoaspartate (AST), calcium, and phosphorus levels in the different experimental groups

Groups/treatments (kg b.w.) No. of rats AST (U/1) Serum calcium (mg/dl) Serum phosphorous (mg/dl)
Non-supplemented

G1 Control (untreated) 10 453 + 737 6.77 £ 049 7.82 + 0.09

G2 DEN + CCly 10 531 +128 8.18 + 0.66 8.24 + 035
Supplemented

G3 VD5 10,000 IU 10 587+ 112 922 +£ 142 888 + 066

G4 VD5 20,000 U 10 547 £ 102 863 + 1.56 821 + 061

G5 VD5 40,000 U 10 589+ 130 793 £ 097 827 = 044

G6 VD3 60,000 IU 10 586 + 209 9.24 + 147 8.33 + 1.02*

Values are means * SD (standard deviation). Means were compared by one-way ANOVA followed by Tukey’s multiple comparisons test. DEN = N-diethylnitrosamine
(200 mg/kg, i.p. single dose); CCl4 = carbon tetrachloride, i.g. 1.0 ml/kg, once a week for 10 weeks. G1 = untreated group (SHAM); G2 = DEN + CCl4; G3 to G6 = DEN +
CCl4 + VD5 (choleocalciferol) at 10,000 1U, 20,000 1U; 40,000 IU and 60,000 IU/kg (i.g., on alternate days for 16 weeks), respectively

*Significantly different from G1, p < 0.005
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Fig. 3 Immunohistochemical detection of Ki-67-positive hepatocytes. a Cell proliferation index in the different groups. b Representative image
with hepatocytes showing nuclear positivity for Ki-67(final magnification x 400). Values are means + SD, compared by one-way ANOVA followed
by Tukey's multiple comparisons test. One asterisk indicates significantly different from G1, p < 0.001. Two asterisks indicate significantly different
from G2, p < 0.0002. G1 = untreated group; G2 = DEN + CCl,; G3 = DEN + CCl, + VD3 10,000 1U; G4 = DEN + CCl, + VD5 20,000 IU; G5 = DEN + CCl,

+ VD3 40,000 IU; G6 = DEN + CCl, + VD5 60,000 1U

The steroid hormone 1,250HD; (calcitriol) plays a cru-
cial role in calcium and phosphorus homeostasis. The para-
thyroid hormone regulates conversion of 250HDj; to its
active metabolite, 1,250HDs, which increases calcium and
phosphorus levels in blood by increasing intestinal absorp-
tion [42, 43]. Serum calcium is highly regulated, promptly

mobilized, and stored in the bones, maintaining serum cal-
cium concentrations within a normal physiological range.
Dietary phosphorus excess is excreted by the kidneys under
the regulatory activity of the fibroblast growth factor 23
protein (FGF23), decreasing CYP27B1 expression and VD3
activation and promoting phosphorus excretion in urine
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[43, 44]. Although no changes in serum calcium levels were
found in any of the study groups, higher levels of serum
phosphate were observed in those supplemented with VD3
at 10,000 and 60,000 IU (G3 and G6, respectively) than in
the other groups. These results support the hypothesis that
VD; supplementation was effective and promoted phos-
phorus mobilization via VD3 metabolic activation [45, 46].
However, since high dietary inorganic phosphate can ini-
tially promote but later inhibit lung cancer progression in
mice [47], the increase in serum phosphate should be inves-
tigated in long-term VDjs interventions.

VD3 has been demonstrated to suppress cellular prolifer-
ation in highly cell-specific manners, via apoptosis, cell
cycle progression, and differentiation [48, 49]. In our study,
DEN/CCIl4 regimen (G2) increased hepatic cell prolifera-
tion when compared to the untreated group (G1). However,
VD3 supplementation at higher doses (40,000 and
60,000 IU/kg) suppressed cell proliferation in comparison
to the DEN/CCl4 group (G2). In this regard, higher serum
25(OH)D levels might be associated with this finding,
modulating hepatocyte cell proliferation in DEN/CCl4-
treated groups. Cell proliferation plays an important role
during critical phases of rat liver carcinogenesis, including
the processes of initiation and promotion [50]. Therefore,
the suppression of cell proliferation is considered an im-
portant feature for a chemopreventive candidate [51, 52].

Glutathione S-transferases (GST) comprise a group of
phase II metabolic enzymes involved in cellular protection
against xenobiotics, oxidative stress, and resistance against
chemotherapeutic compounds [53, 54]. The rat GST-P 7-7,
an isozyme of glutathione S-transferase, is abnormally
expressed in the early stages of chemical hepatocarcinogen-
esis. Therefore, single hepatocytes expressing GST-P develop
very early in carcinogen-treated rat liver and are considered
suitable markers of preneoplastic lesions [55, 56]. The
detection of GST-P-positive foci is an important tool for

analyzing relevant carcinogenic or anti-carcinogenic re-
sponses during the initiation and promotion stages of rat
liver carcinogenesis [57, 58]. It was found that VD3 supple-
mentation reduced the number of larger GST-P-positive
PNL (>1.0 mm? when compared to the positive control
group (G2). However, the underlying mechanisms by which
VD3 can suppress GST-P-positive PNL development still
need to be clarified.

Active VD3 effects are mediated by VDR which regu-
lates gene expression in the target tissues [49]. The VDR
is a member of a superfamily of nuclear steroid hormone
receptors which participates in VD3 biological functions,
regulating calcium and phosphorus homeostasis, im-
mune response, cell differentiation, and cell proliferation
[58]. This nuclear receptor can be found in many type
cells throughout the body, widely expressed in tissues
such as intestines, lungs, kidneys, skin, bones, and liver
[59]. Liver expression of VDR might be inversely associ-
ated with the severity of liver damage in a number of
chronic diseases [27, 28]. Decreased VDR expression has
been related to an increasing susceptibility to the devel-
opment of carcinogen-induced cancers and may be con-
sidered a potential biomarker candidate for cancer
prognostic [60, 61]. Many clinical trials have found evi-
dence of reduced VDR expression in HCC and cholan-
giosarcoma alone but not in dysplastic nodules and
hepatomas [27, 62]. For instance, in the present study,
DEN/CCI, regimen did not alter VDR protein expres-
sion in the experimental groups, indicating that low
VDR expression is associated with the progression phase
of liver disease rather than early hepatocarcinogenesis
[63]. Besides, VD3 treatment did not increase VDR
levels, which is consistent with a previous study indicat-
ing that dietary VD3 did not affect VDR gene expression
in azoxymethane (AOM)-induced PNL in mice [64]. The
results also showed that hepatic CYP27A1 protein
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expression was significantly higher in the DEN/CCl4-
treated group (G2) than in the remaining groups (Fig. 5).
Although mitochondrial CYP27A1 has been shown to
activate 25-hydroxilate VD3, this enzyme has a relatively
low affinity and plays a minor role in VD3 hydroxylation.
CYP27A1 is a bifunctional enzyme also involved in bile
acid and cholesterol metabolism [65]. Therefore, the in-
creased CYP27A1 expression seen in the positive control
group might be related to the CCl4-induced regimen
that leads to mitochondrial dysfunction and oxidative
metabolism impairment [31]. In fact, VD3 supplementa-
tion increased total glutathione levels and GSH-Px activ-
ity, as well as diminished lipid hydroperoxide levels in
the liver [66], indicating a possible protective mechanism
of VD3 against DEN/CCl4-induced hepatocarcinogenesis.

A limitation of this study is the short time of CCl4 ex-
posure, which most likely did not allow observing the
extensive liver lesions expected to occur with its use.
Thus, studies including longer periods of CCl4 exposure
are required to further investigate the molecular mecha-
nisms and potential protective role of vitamin D against
liver tumorigenesis.

Conclusions

Dietary factors have been in the spotlight of scientific
interest since that they can exert preventive activities
against human chronic diseases, including cancer [67]. It
is currently known that vitamins play an important role
in the prevention and treatment of precancerous and
cancerous conditions [68], but until now, no conclusive
results were obtained. Therefore, the findings the
present study support the hypothesis that VD3 supple-
mentation can reduce the early development of hepato-
cellular PNL in rats, but only in higher doses. However,
the possibility of long-term VDs high-dose toxicity
should be investigated.
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