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SHORT COMMUNICATION

Diabetes consequences in the fetus liver of the non-obese

diabetic mice

MB Aires', ACV dos Santos', MS Kubrusly?, AC de Lima Luna®, LAC D'Albuquerque?® and DA Maria®

DM type 1 (T1D) incidence is increasing around 3% every year and represents risks for maternal and fetal health. The objective of
this study was to explore the effects of diabetes on fetus liver cells in non-obese diabetic (NOD) mice. Hyperglycemic NOD (HNOD),
normoglycemic NOD (NNOD) and BALB/c females were used for mating, and the fetus livers were collected at 19.5 gestation day
(gd). HNOD group had reduced fetal weight (989.5 +68.32 vs 1290+ 57.39 mg BALB/c, P < 0.05) at 19.5 gd and higher glycemia
(516.66+28.86 mg dl~', P < 0.001) at both 0.5 gd and 19.5 gd compared to other groups. The protein expression of aloumin (ALB)
was significantly reduced in HNOD group (0.9£0.2 vs 3.36 +£0.36 NNOD P < 0.01, vs 14.1 + 0.49 BALB/c P < 0.001). Reduced gene
expression of ALB (1.34+0.12 vs 5.53+0.89 NNOD and 5.23+0.71 BALB/c, P < 0.05), Hepatic Nuclear Factor-4 alpha (HNF-4a)
(0.69+0.1 vs 3.66 +0.36 NNOD, P < 0.05) and miR-122 (0.27 £0,10 vs 0.88 +0.15 NNOD, P < 0.05) was present in HNOD group. No
difference for alpha-Fetoprotein (AFP) and gene expression was observed. In conclusion, our findings show the impacts of T1D on
the expression of ALB, AFP, HNF-4a and miR-122 in fetus liver cells by using NNOD and HNOD mice.
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INTRODUCTION

Diabetes mellitus (DM) is considered a worldwide public health
problem and considering all types of diabetes; there was an esti-
mated 184 million diabetic women in 2013, a number expected to
rise to 288 million by 2030." Although DM type 1 (T1D) is less
frequent, the data from International Diabetes Federation pointed
an increase around 3% every year. In 2015, Brazil was found to
have the third highest number of children with this form of
diabetes in the world." Consequently, there will be an increase in
T1D women at reproductive age who will be subject to diabetic
complications during pregnancy if they are left poorly controlled.

Rodent diabetic experimental models have been used to study
the impacts of maternal diabetes in fetal development; however,
few studies focused on fetal liver gene and protein expression.
The non-obese diabetic (NOD) mouse is a well-characterized
model of autoimmune T1D that develops spontaneous pre-
gestational diabetes and has advantages as stable hyperglycemia
throughout gestation and lack of chemical destruction of B-cells.**

Although the liver has a high regenerative capacity, failure can
occur due to massive death of hepatocytes as a result of acute,
chronic and hereditary diseases. MicroRNA-122 (miR-122) is a
highly abundant and liver-specific miRNA that accounts for 70% of
the total liver miRNA population.* As a result, miR-122 is crucial for
liver development, differentiation, homeostasis and functions.’
Evidences indicate that the activation of miR-122 plays an
important role in guidance hepatocyte differentiation and matu-
ration in vitro and in vivo.®’

The miR-122 expression is driven by liver-enriched transcription
factors, including hepatocyte nuclear factor (HNF) 6 and 4a that
also fine-tune miR-122 dosage during liver development in vivo.5®
Particularly, the expression of HNF-4a is upregulated during

overexpression of miR-1227 and zebrafish® hepatocyte, and not
cholangiocyte differentiation.

In view of the importance of diabetes for maternal and neonatal
health, the objective of the present study was to assess the
influence of diabetes on the expression of albumin (ALB), alpha-
Fetoprotein (AFP), Hepatic Nuclear Factor-4 alpha (HNF-4a) and
miR-122 by liver fetal cells from hyperglycemic and normogly-
cemic NOD mice at 19, 5 day of gestation.

METHODS
Animals

All procedures were performed under the guidance of the
Committee for Animal Experimentation of Butantan Institute -
CEUAIB (Protocol. 1239/14). Female NOD/Unib were used to form
the experimental groups: Perglycemlc (HNOD group, non-
fasting glucose >270.0mgdl™ ", n=6, 22+2g) and normoglyce—
mic (NNOD group, non- fastmg glucose <180.0mgdl™ ', n=6,
25+20Q) females Male normoglycemic NOD (non-fasting glucose
<180.0mgdl™ ', n=8, 30+ 2 g) were used for mating. Pregnant
BALB/c normoglycemic females (n=6, 25+ 2 g) were used as an
additional group. The onset of pregnancy was determined by
detection of the vaginal copulation plug and was designated 0.5
gestation day (gd). On 195 gd, the animals were anaesthetized
with xylazine (20 mg kg ~") and ketamine (80 mg kg~ "), exsangui-
nated and laparotomized to remove the uterine horns for
collection of fetuses. The sample size was estimated in the pilot
study by the Select Statistical website (https://select-statistics.co.
uk/calculators/sample-size-calculator-population-mean/).  Rando-
mization was used only to allocate females in the BALB/c group
because the selection of females for NOD groups was based on
glycemia.
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Liver samples were dissected and frozen for protein and gene
expression analysis. All experiments were replicated at least twice,
and blinded analysis was performed when assessing the outcome.

Flow cytometry

Liver samples were dissected and mechanically dissociated,
filtered through 25 mm sterile filters, added freezing solution
and kept in a =70 °C freezer. Fluorescence-activated cell sorting
analysis was performed as reported previously’ with primary
antibodies: goat polyclonal anti-ALB (sc-8108, Santa Cruz, CA,
USA), goat polyclonal anti-AFP (sc-46293, Santa Cruz, CA, USA) at
4°C overnight. The corresponding isotype antibody was used as
negative control and as a secondary antibody was used rabbit
anti-goat IgG: Alexa 594 (Immuny, Campinas, Brazil).

RNA isolation

Total RNA was isolated using Direct-zol RNA MiniPrep kit (Zymo
Research, Irvine, CA, USA) according to manufacturer’s protocol
instructions from the frozen liver tissues from all groups. The RNA
quality and total RNA concentration were performed as reported
previously.'® Samples were kept at —80°C until processing by
quantitative RT-PCR (gRT-PCR).

miRNA isolation and amplification

To obtain reliable levels of miRNA, total RNA was isolated from
frozen liver tissues using a miRNA Isolation Kit (Ambion, Austin, TX,
USA). cDNA were generated using the following kits: TagMan
MicroRNA Reverse Transcription (RT) and TagMan Small RNA
Assays (Applied Biosystems, Foster City, CA, USA) in a StepOne
Plus Thermocycler (Applied Biosystems, CA, USA) for both RT and
qRT-PCR reactions. For gPCR amplification reaction of miR-122, the
product of RT reaction was mixed with the respective assays
(miR-122 and U6) and 2 x TagMan Universal PCR Master Mix Il in a
96-well plate according to manufacturer’s recommendations. The
reactions were conducted in duplicate, and U6 was used as an
endogenous control. The miR-122 fold expression was calculated
by application of 2~ 22Ct method."’
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Quantitative RT-PCR analysis

gRT-PCR analysis to assess gene expression of Albumin (ALB),
Alpha-Fetoprotein (AFP) and Hepatic Nuclear Factor-4 (HNF-4q)
was performed in the Rotor-Gene RG-3000 Thermocycler (Corbett
Research, Sidney, Australia) using SuperScript Il Platinum SYBR
Green One-Step gRT-PCR kit (Applied Biosystems Carlsbad, CA,
USA), according to manufacturer’s recommendations. GAPDH
mMRNA was used as an endogenous control. The following primer
sets were used: ALB 5'-CCCACTAGCCTCTGGCAAAA-3’ 5'-ACACAC-
CCCTGGAAAAAGCA-3';  AFP  5'-AGGAGGAGTGCTTCCAGACA-3’
5-TGGTTGTTGCCTGGAGGTTT-3; HNF-4a 5'-TACCTTCCTCCGCC-
ATCTGA-3' 5'-TCCTACCCTCTGCCTTACCC-3"; GAPDH 5-ACTGAGC-
AAGAGAGGCCCTA-3' 5-TATGGGGGTCTGGGATGGAA-3'. The rela-
tive expression level of each gene was determined relative to the
GAPDH transcript by the comparative AACt method."

Statistical analysis

The data analysis was performed by comparison with parametric
distribution of the groups using Student t-test or analysis of
variance (ANOVA) followed by Tukey—Kramer multiple comparison
test. The data was analyzed using the Prism 5.0 Statistical Software
package (GraphPad, San Diego, CA, USA) and are presented as the
mean £ s.e.m, a value of P < 0.05 was considered significant.

RESULTS

Maternal glycemia and fetal weight

In NNOD and BALB/c groups the female blood glucose levels were
similar at 0.5 gd (134.08 +14.67; 93.50+ 10.81 mgdl~") and 19.5 gd
(118.08+6.84; 1025+9.67 mgdl~"). In the HNOD group, a signifi-
cantly higher glycemia (516.66 +28.86 mg dl ™", P < 0.001) was found
at both 0.5 gd and 19.5 gd compared to other groups. The fetal
weight was reduced in the HNOD group (989.5 + 68.32 mg, P < 0.05)
compared to the BALB/c group (1290 +57.39 mg, P < 0.05).

Expression of ALB and AFP by fetal liver cells

The expressions of ALB and AFP were detected on fetal liver cells
in all groups (Figure 1). The expression of ALB was signifi-
cantly reduced in HNOD group (0.9+0.2) compared to NNOD
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Representative dot plot of fetus liver cells from BALB/c, NNOD and HNOD groups at 19.5 dg stained with Albumin (ALB) and Alpha-

Fetoprotein (AFP) markers. The histogram show increased expression of ALB in HNOD group compared to NNOD and BALB/c groups.
The expression of AFP was not different between groups. Results represent SEM of liver cells collected from fetus livers per animal of control
(n=6), NNOD (n=6) and HNOD groups (n=6) analyzed in duplicate, **P < 0.01, ****P < 0.0001.
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Figure 2. Albumin (ALB), alpha-fetoprotein (AFP), Hepatic nuclear factor-4 (HNF-4a) mRNAs and miR-122 expression levels in fetus liver cells of
BALB/c, NNOD and HNOD groups at 19.5 dg. Each NNOD and HNOD sample was normalized to a BALB/c sample and, the expression level of
ALB, AFP, HNF-4a was calculated by application of AACt method and the miR-122 fold expression by 2~ 2Ct method. The data represent SEM
of liver cells collected from fetus livers per animal of control (n=6), NNOD (n=6) and HNOD groups (n=6) analyzed in duplicate, *P < 0.05.

(3.36+0.36, P<0.01) and BALB/c (14.1+£0.49, P < 0.0001). The
expression of AFP was not different between groups (1.75+0.44
BALB/c, 1.53+£0.38 NNOD, 1.83 +0.44 HNOD).

Gene expression of ALB, AFP, HNF-4a and miR-122

Reduced gene expression of ALB was present in HNOD group
(1.34+0.12, P < 0.05) compared to NNOD (5.53 £ 0.89) and BALB/c
(5.23+£0.71) groups (Figure 2). Low expression of HNF-4a was
observed in HNOD group (0.69+0.1 vs 3.66+0.36 NNOD,
P < 0.05). The gene expression of AFP was not different between
groups (3.80+0.43 BALB/c, 246 +£0.17 NNOD, 2.79 +0.34 HNOD)
(Figure 2). The miR-122 expression was significantly reduced in
HNOD (0.27+£0.10, P < 0.05) compared to NNOD (0.88+0.15)
(Figure 2).

DISCUSSION

Maternal diabetes is still a very important cause of pregnancy
complications including fetal defects. The NOD mouse is one of
the most commonly used animals that spontaneously develop
T1D' and therefore, an important model for this condition in
human pregnancy. Moreover, this study is the first to describe the
influence of diabetes on the expression of hepatic markers (ALB,
AFP), HNF-4a and miR-122 in NOD fetus liver.

In our study, the hyperglycemia in HNOD animals at 0.5 gd and
19.5 gd was characteristic of severe diabetes and together with
small litter size, the results agree with the studies of Burke and
co-workers.”® The reduction of fetal weight observed in HNOD

mice was similar to that found in intrauterine growth restriction
rodent models for severe diabetes.'*

The decrease of miR-122 in HNOD animals could be related to
the reduction of HNF-4a by hepatic liver cells. Some works have
evidenced that miR-122 inhibition repressed the expression of
many genes and that the expression of HNF-4a could be directly
or indirectly (via HNF-6) affected by miR-122.° One interesting
point to be considered is that the miR-122 expression is regulated
in part by HNF-1a and HNF-4a in cultured hepatocellular cancer-
derived cells” and adult liver'® raising the possibility that many
liver-enriched transcription factors (LETFs) positively feedback
on miR-122 expression to control hepatocyte differentiation.®
Whether this happens in NOD fetal liver under hyperglycemia
should be investigated.

The miR-122 plays a central role in liver development, diffe-
rentiation, homeostasis and functions. It seems that it controls the
proper balance between cell proliferation and differentiation in
both hepatocyte and cholangiocyte lineages influencing terminal
liver differentiation.” Indeed, the reduction of ALB gene and
protein expression in fetal liver HNOD cells could indicate a
reduction of hepatoblast maturation or terminal differentiation,
besides the AFP normal expression. The reduction of HNF-4a gene
expression in HNOD group could also be correlated with the
reduction of ALB expression as blockage of HNF-4a decrease the
expression hepatocyte-specific proteins such as apolipoproteins
and albumin, suggesting its critical role for hepatocyte fate
determination in mice liver.'®

Other possible miR-122 functions in the adult liver as regulation
of cholesterol and fatty acid metabolism should be investigated in
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fetal liver cells under diabetes condition. At the same manner, the
role of HNF-4a in the determination of cell morphology'’ is
unknown in NOD fetal liver cells. In diabetes experimental
condition, only one work described increased HNF-4a gene
expression in adult liver cells of alloxan-induced diabetic rats.'®
However, experimental model and life stage differences could be
determinant in gene expression responses under hyperglycemia,
which makes comparisons among studies difficult.

Epigenetics effects of maternal diabetes on the offspring have
been identified in animal streptozotocin-induced maternal dia-
betes, in which histone H3 and H4 acetylation of embryonal
genes was implicated in neural tube defects.' Therefore, the
liver could be a target for epigenetic modifications under the
intrauterine hyperglycemic environment, which might contribute
to liver metabolic programming of insulin resistance and diabetes
during postnatal life, as also observed in overnutrition fetal
environment.?°

In conclusion, results of this study showed altered expression of
ALB, HNF-4a and miR-122 in HNOD fetus liver. Therefore, many
cellular mechanisms during the differentiation and maturation of
liver cells may be affected by the diabetes condition leading to
possible postnatal and adult liver diseases.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

ACKNOWLEDGEMENTS
This work was in part supported by CNPq, Brazil.

REFERENCES

International Diabetes Federation (IDF). Diabetes Atlas. IDF: Brussels, Belgium,
7th ed. 2015 1-144.

Schaffer SW, Mozaffari MS. The neonatal STZ model of diabetes. In: McNeill JH editor.
Experimental models of diabetes. CRC Press: Boca Raton, FL, USA, 1999; 231-255.
Wicker LS, Clark J, Fraser HI, Garner VES, Gonzalez-Munoz A, Healy B et al. Type 1
diabetes genes and pathways shared by humans and NOD mice. J Autoimmun
2005; 25: 29-33.

Lagos-Quintana M, Rauhut R, Yalcin A, Meyer J, Lendeckel W, Tuschl T. Identifi-
cation of tissue-specific microRNAs from mouse. Curr Biol 2002; 12: 735-739.
Bandiera S, Pfeffer S, Baumert TF, Zeisel MB. miR-122-a key factor and therapeutic
target in liver disease. J Hepatol 2015; 62: 448-457.

Laudadio I, Manfroid I, Achouri Y, Schmidt D, Wilson MD, Cordi S et al. A feedback
loop between the liver-enriched transcription factor network and miR-122
controls hepatocyte differentiation. Gastroenterology 2012; 142: 119-129.

N

w

N

w

(o))

Nutrition & Diabetes (2017) 1-4

~N

Deng X-G, Qiu R-L, Wu Y-H, Li Z-X, Xie P, Zhang J et al. Overexpression of

miR-122 promotes the hepatic differentiation and maturation of mouse ESCs

through a miR-122/FoxA1/HNF4a-positive feedback loop. Liver Int 2014; 34:

281-295.

8 Xu H, He J-H, Xiao Z-D, Zhang Q-Q, Chen Y-Q, Zhou H et al. Liver-enriched
transcription factors regulate microRNA-122 that targets CUTL1 during liver
development. Hepatology 2010; 52: 1431-1442.

9 Aires MB, Santos JR, Souza KS, Farias PS, Santos AC, Fioretto ET et al. Rat visceral
yolk sac cells: viability and expression of cell markers during maternal diabetes.
Braz J Med Biol Res 2015; 48: 676—-682.

10 Stefano JT, Pereira IVA, Torres MM, Bida PM, Coelho AMM, Xerfan MP et al.
Sorafenib prevents liver fibrosis in a non-alcoholic steatohepatitis (NASH)
rodent model. Braz J Med Biol Res 2015; 48: 408-414.

11 Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time
quantitative PCR and the 21 A€ method. Methods 2001; 25: 402-408.

12 Jawerbaum A, White V. Animal models in diabetes and pregnancy. Endocr Rev
2010; 31: 680-701.

13 Burke SD, Dong H, Hazan AD, Croy A. Aberrant endometrial features of pregnancy
in diabetic NOD mice. Diabetes 2007; 56: 2919-2926.

14 Yu Y, Singh U, Shi W, Konno T, Soares MJ, Geyer R et al. Influence of murine
maternal diabetes on placental morphology, gene expression, and function.
Arch Physiol Biochem 2008; 114: 99-110.

15 Gao Y, Schug J, McKenna LB, Le Lay J, Kaestner KH, Greenbaum LE et al. Tissue-
specific regulation of mouse microRNA genes in endoderm-derived tissues.
Nucleic Acids Res 2011; 39: 454-463.

16 Li J, Ning G, Duncan SA. Mammalian hepatocyte differentiation requires the
transcription factor HNF-4alpha. Genes Dev 2000; 14: 464—-474.

17 Wang L, Boyer JL. The maintenance and generation of membrane polarity in
hepatocytes. Hepatology 2004; 39: 892-899.

18 David-Silva A, Freitas HS, Okamoto MM, Sabino-Silva R, Schaan BD, Machado UF.
Hepatocyte nuclear factors 1a/4a and forkhead box A2 regulate the solute carrier
2A2 (Slc2a2) gene expression in the liver and kidney of diabetic rats. Life Sci 2013;
93: 805-8013.

19 Salbaum JM, Kappen C. Responses of the embryonic epigenome to
maternal diabetes. Birth Defects Research. Part A. Clin Mol Teratol 2012; 94:
770-781.

20 Sookoian S, Gianotti TF, Burguefo AL, Pirola CJ. Fetal metabolic programming

and epigenetic modifications: a systems biology approach. Pediatr Res 2013;

73(4 Pt 2): 531-542.

This work is licensed under a Creative Commons Attribution 4.0

BY International License. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the
material. To view a copy of this license, visit http://creativecommons.org/licenses/
by/4.0/

© The Author(s) 2017


http://creativecommons.org/licenses/by/�4.0/
http://creativecommons.org/licenses/by/�4.0/

	Diabetes consequences in the fetus liver of the non-obese diabetic�mice
	Introduction
	Methods
	Animals
	Flow cytometry
	RNA isolation
	miRNA isolation and amplification
	Quantitative RT-PCR analysis
	Statistical analysis

	Results
	Maternal glycemia and fetal weight
	Expression of ALB and AFP by fetal liver cells

	Figure 1 Representative dot plot of fetus liver cells from BALB/c, NNOD and HNOD groups at 19.5 dg stained with Albumin (ALB) and Alpha-Fetoprotein (AFP) markers.
	Gene expression of ALB, AFP, HNF�-�4&#x003B1; and miR�-�122

	Discussion
	Figure 2 Albumin (ALB), alpha-fetoprotein (AFP), Hepatic nuclear factor-4 (HNF�-�4&#x003B1;) mRNAs and miR�-�122 expression levels in fetus liver cells of BALB/c, NNOD and HNOD groups at 19.5 dg.
	A5
	A6
	ACKNOWLEDGEMENTS
	REFERENCES




