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Abstract
Hepatic gene expression is known to differ between healthy and type 2 diabetes conditions. Identifying these variations
will provide better knowledge to the development of gene-targeted therapies. The aim of this study is to assess diet-induced
hepatic gene expression of susceptible versus resistant CC lines to T2D development. Next-generation RNA-sequencing was
performed for 84 livers of diabetic and non-diabetic mice of 41 different CC lines (both sexes) following 12 weeks on high-fat
diet (42% fat). Data analysis revealed significant variations of hepatic gene expression in diabetic versus non-diabetic mice
with significant sex effect, where 601 genes were differentially expressed (DE) in overall population (males and females),
718 genes in female mice, and 599 genes in male mice. Top prioritized DE candidate genes were Lepr, Ins2, Mb, Ckm,
Mrap2, and Ckmt2 for the overall population; for females-only group were Hdc, Serpina12, Socs1, Socs2, and Mb, while for
males-only group were Serpine1, Mb, Ren1, Slc4a1, and Atp2a1. Data analysis for sex differences revealed 193 DE genes
in health (Top: Lepr, Cav1, Socs2, Abcg2, and Col5a3), and 389 genes DE between diabetic females versus males (Top:
Lepr, Clps, Ins2, Cav1, and Mrap2). Furthermore, integrating gene expression results with previously published QTL, we
identified significant variants mapped at chromosomes at positions 36–49 Mb, 62–71 Mb, and 79–99 Mb, on chromosomes
9, 11, and 12, respectively. Our findings emphasize the complexity of T2D development and that significantly controlled
by host complex genetic factors. As well, we demonstrate the significant sex differences between males and females during
health and increasing to extent levels during disease/diabetes. Altogether, opening the venue for further studies targets the
discovery of effective sex-specific and personalized preventions and therapies.

Introduction

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00335-019-09816-1) contains
supplementary material, which is available to authorized users.

According to the World Health Organization report (WHO
2014), a total of 38 million deaths occurred worldwide in the
year 2012 due to non-communicable diseases (NCD), while
Type 2 diabetes (T2D) was the fourth major leading cause of
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death (1.5 million deaths per year) (World Health Organization 2014). Diabetes prevalence is continuously increasing
worldwide, and the annual number of NCD deaths is increasing steadily (unlike infectious diseases), while diabetes is
predicted to be the seventh cause of death by the year 2030
even if the prevalence of obesity remains fixed (Mathers and
Loncar 2006).
One of the most noticeable components of T2D is the
significant variations in disease pathogenesis between ethnicities, which is attributed to complex genetic components
and environmental factors (Samsom et al. 2016). Despite the
fact that environmental factors of sedentary lifestyle, overconsumption of fat/carbohydrate enriched diets, socioeconomic status, and air pollution increase the risk for T2D, it
is evident that the genetic background plays a critical role in
determining the host response towards these environmental
conditions (susceptibility versus resistance). Thence, studies of T2D etiology indicate various trends of development
and progress worldwide, suggesting different prevention and
treatment strategies based on ethnicity (Kaul and Ali 2016).
In addition to the environmental and genetic predisposition risk factors, the sex-related differences play major role
in the pathogenesis of T2D (Legato et al. 2006). Sexually
dimorphic gene expression varies at different stages of life
during development (Yang et al. 2006), and under different
environmental challenges, such as nutrition, as reported in
the current study. In spite of multiplied expenses and time
demands when conducting a research project with both
sexes, sex differences must be considered in the advanced
studies of translational research and personalized medicine,
in order to increase the understanding of physiological and
metabolic sex-specific pathways, which will enhance the
potential effects of T2D therapies.
Studies on human population ethnic subgroups showed a
significant sex effect in T2D onset and progress, which differ
between males and females within and between the different ethnic groups (Gale and Gillespie 2001). The genetic
basis for T2D development, affected by diet and sex interactions, can be addressed through human GWAS studies.
However, using animal models at the earlier stages of the
search promises accurate results, since, with such models,
researchers can control the environmental conditions better
than in human studies. Despite the complexity of T2D and
sex effects, recently, NIH has changed its policies and is
demanding the use of both sexes in diseases and treatment
research unless sex-specific inclusion is unwarranted (Clayton and Collins 2014).
Dissecting the genetic factors controlling host susceptibility to T2D development requires controlled and standardized investigations of the interaction of environment and
host genetic background. Such investigations are complex
and almost impossible in humans due to multiple constraints, particularly the impossibility of controlling the
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environmental conditions of the study. Consequently, mouse
models were developed for the study of human health and
diseases, while the study of complex diseases required a
mouse model exhibiting wide genetic diversity, to enable
high-resolution mapping of genomic regions. To achieve
this, new, genetically highly diverse, recombinant inbred
lines of mouse population were established, namely the collaborative cross (CC), created from full reciprocal mating
of eight divergent strains of mice: A/J, C57BL/6 J, 129S1/
SvImJ, NOD/LtJ, NZO/HiLtJ, CAST/Ei, PWK/PhJ, and
WSB/EiJ, generating a unique, genetic reference population
(GRP), comprising of a set of approximately 75 recombinant, inbred lines (RIL), dubbed CC lines. In genetically
defined CC lines, chromosomal regions responsible for the
genetic variance of complex traits can be mapped as quantitative trait loci (QTL) in experimental populations available
for precise study under defined environmental conditions.
Additionally, to the QTL mapping approach, next-generation
cDNA sequencing (mRNA-Seq) is a powerful approach for
identifying gene expression variations between health and
disease conditions. Once QTL and gene expression results
identified, the genetic analysis can be extended successfully
to humans, as in previous studies using the CC mouse model
(Shusterman et al. 2017; Nashef et al. 2018).
In our previous studies, we have assessed the CC mice
for T2D development due to high-fat diet challenge and
found that CC mice have a wide range of T2D phenotypic
variations development, which is believed due to its genetic
diversity, and subsequently, we mapped QTL associated with
the disease (Abu-Toamih Atamni et al. 2016a, b; 2017, 2018;
Nashef et al. 2017). Herein, we present the results of hepatic
gene expression in health (non-diabetic) versus disease (diabetic) in the overall population (regardless of sex), females
and males separately, and comparison between males and
females. Eventually, we present lists of the top prioritized
candidate genes that were differentially expressed (DE) in
hepatic tissues of mice with impaired versus non-impaired
glucose tolerance.

Materials and methods
Ethical statement
All experiments in this study were approved by the Animal Use and Care Committee at TAU (approved experiment
number M-12-025and M-14-007).

Breeding
At this time, about 100 CC lines are under development
at the small animal facility of Tel-Aviv University (TAU)
between generations of G27 to G64 of inbreeding by full-sib
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mating (Iraqi et al. 2012). Due to genetic variations between
the CC lines, breeding rate, number, and sex of litters in
each cycle might vary. Therefore, the CC lines were assessed
based on litters’ availability, while making our best efforts to
scan as many as possible of the CC lines with representation
of both sexes.

Study cohort
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recovery, in order to bring mice to their original T2D status
conditions. On the following day, mice were killed by cervical dislocation (CD) protocol, and livers were immediately
collected to liquid nitrogen and thereafter stored in a freezer
(− 80 ℃) for RNA extraction.

Rationale behind samples selection for gene
expression

Study cohort consisted of 84 mouse liver samples, generated
from 41 different CC lines (N of mice between; 1 to 5 per
line), of which 20 CC lines present in both sexes. For the
females-only analysis, we used 31 out of the 41 lines, and 30
out of the 41 lines for males- only analysis, with N of mice
between 1 and 3 per line in each analysis group. The CC line
selection was randomly based on breeding availability. Mice
were weaned at age of 3 weeks old and housed separately by
sex with standard rodents’ chow diet (TD.2018SC, Teklad
Global, Harlan, Inc., Madison, WI, USA), containing %
Kcal from fat 18%, protein 24%, and carbohydrates 58%,
and water ad libitum.

For the purpose of comprehensively and rapidly defining the
gene expression profile during T2D and metabolic syndrome
development in the different CC lines, in response to the
HFD, next-generation sequencing technologies were used
(Voelkerding et al. 2009; Ansorge 2009; Buckingham 2010).
Samples for the RNA-sequencing were selected based on
diabetic status, where mice that reached the end time point
of IPGTT with glucose levels < 400 mg/dL were considered
“non-diabetic,” while glucose levels > 400 mg/dL were considered “diabetic.”

Dietary challenge

Total RNA was isolated using a Qiagen kit (Cat.No.73404)
as recommended by the manufacturer, and quality of the
RNA samples was assessed using the BioAnalyzer 2100
(Agilent). The RNA Integrity Number (RIN) software was
used to estimate the integrity of the total RNA sample by
calculating the 18S to 28S rRNA ratios. Samples with RIN
above 7.0 passed the quality control test.

The experimental mice started at age of 8 weeks old, and
diet switched to purified HFD (42% fat), in which 21% of
fat source is obtained from milk fat, for a period of 12 weeks
with free access to food and water. The HFD, TD. 88137
(Harlan Teklad, Madison, WI, USA) contains 42% of
calories from fat and 34.1% from carbohydrate, primarily
sucrose.

Intraperitoneal glucose tolerance test (IPGTT)
The glucose tolerance test measures the glucose tolerance
ability of the body, by monitoring the clearance rate of an
intraperitoneal injected glucose load from the body. It is
used to detect disturbances in glucose metabolism that can
be linked to diabetes. At the end of 12 weeks on HFD challenge, mice were fasted for 6 h (6:00–12:00 a.m.); with free
access to water. The fasting blood glucose levels were determined at time 0, prior to the intra-peritoneal (IP) injection
of glucose solution (2.5 g glucose per kg mouse). Subsequently, blood glucose levels were measured at different time
points during the following 3 h (time 0, 15, 30, 60, 120,
and 180 min after glucose injection). Thereafter, mice were
returned back to cages with high-fat food and free access
to water for overnight recovery from the IPGTT procedure.

Tissue collecting
Following IPGTT, mice were returned to the same diet
(HFD, 42% fat) as before the IPGTT assay for overnight
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RNA extractions

mRNA‑Seq libraries
Samples were prepared using the TruSeq Stranded mRNA
library preparation kit (Illumina), including polyA+ RNA
selection, RNA fragmentation, cDNA synthesis, and ligation of barcoded Illumina adapters. Indexed libraries were
pooled and sequenced on the Illumina HiSeq 2000 and
2500 sequencers with Illumina v3 sequencing chemistry.
Paired-end sequencing was performed by reading 50 bases
at each end of a fragment. Overall, each sample consisted of
24–37.5 million sequenced cDNA fragments with an average
of 31.5 million fragments per sample.

RNA‑Seq quantification and analysis
The protocol used in this study has been previously published (Kontogianni et al. 2017) and here was adjusted for
the mouse samples, and reads were aligned to the mouse
genome and transcriptome (version: GRCm.38). With the
aim of comparing the level of gene expression in different
states, we utilized Cuffdiff (Trapnell et al. 2012). Cuffdiff
allows the tracking of significant changes in transcript
expression and splicing, between different states. It can
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identify differentially expressed genes and transcripts, as
well as genes that are being differentially regulated at the
transcriptional and post-transcriptional level. In this context,
we focused on the identification of differential expression.
Various tests were performed between the samples, namely,
all non-diabetic versus all diabetic (ANvsAD), female nondiabetic versus female diabetic (FNvsFD), male non-diabetic
versus male diabetic (MNvsMD), female non-diabetic versus
male non-diabetic (FNvsMN), and female diabetic versus
male diabetic (FDvsMD). The differentially expressed (DE)
genes were selected by setting a P value threshold of 0.05
and fold change of |log2 FC| ≥ 1. Primary outcomes will
be the gene expression levels of each gene in the hepatic
tissue samples, and secondary outcomes will be the comparison of gene/s expression variations between the different experimental groups. DE genes were based on p-value
and logFC, simultaneously. The reason for that is that the
use of solely classical FDR cut-off thresholds filters down
the initial lists, excluding causal genes with potential weak
effect while keeping several genes with small fold changes
between the groups, which run the risk of being artifacts
of the normalization process. We chose to include to our
lists genes with higher fold change and perform prioritized
pathway analysis, exploiting the enrichment scores of gene
sets mapped to distinct ontological terms afterwards, to find
the significant genes. In this way, genes that simultaneously
have a significant p-value and adequate fold change score,
but also participate in biological processes with statistically
corrected, significant enrichment score, are utilized. Further
analysis was performed for the selection of “top prioritized”
genes that were selected based on their significance level
and enrichment analysis. These genes were presented in the
heatmap of each analysis and defined as the most critical
genes to ontological clusters on the Gene Ontology Biological process.

Functional analysis
In order to perform functional pathway analysis of the DE
genes, we used the BioInfoMiner platform. This platform
performs statistical and network analysis exploiting several
biological hierarchical vocabularies for functional annotation (like GO Ashburner et al. 2000 and MGI Mammalian
Phenotype Smith and Eppig 2009), aiming to detect and rank
significantly altered biological processes and the respective
driver genes linking these processes. BioInfoMiner corrects
for potential semantic inconsistencies on the selected vocabulary’s scheme, by linking the annotation of each gene with
the ancestors of every direct correlated ontological term,
consequently restoring the sound structure of an ontological
tree. The BioInfoMiner platform is available online at the
website https: //bioinf omine r.com. Gene regulatory networks
were obtained from Consensus Path DB (Kamburov et al.

2012) using differentially expressed genes in normal versus
diabetic mice (p-value < 0.05 and |logFC| > 1), including
genes from all the performed tests.

Results
Glucose tolerance ability phenotypic variations
Figure 1 shows the glucose clearance ability of the CC lines
after 12 weeks of dietary challenge, in response to a glucose solution load and 180 min IPGTT. For this analysis,
we focused on glucose levels at the end time point of the
IPGTT (Time 180′), where levels below 400 mg/dL were
defined as a “success” (i.e.. non-diabetic) and over 400 mg/
dL defined as “impaired’ glucose tolerance. In Fig. 1, Bar
Charts A, B, and C represent trait values for overall population (regardless of the sex), females, and males, respectively.
Data analysis showed a significant (P-value < 0.01) variation
between the CC lines for the actual trait values of blood
glucose levels (mg/dL) measured at time point 180 min of
the IPGTT. For the overall population, 8 out of the 41 lines
showed impaired glucose tolerance, while for females only
5 out of 31, and 11 out of 30 lines for males only.

Hepatic gene expression
Study cohort consisted of 84 mouse liver samples, generated
from 41 different CC lines, of which 20 CC lines with presentation of both sexes and collected at the end of 12 weeks
of HFD challenge (20 weeks old). Following the approved
IACUC Committee guidelines, animals were symptomatically healthy, i.e., did not show extraordinary health such as
low locomotion, major weight loss (10% between weekly
weights and over 20% of its weight), apathy, physical instability, difficulty in breathing, high levels of basal blood glucose (> 400 mg/dL), or behavior symptoms such as high
aggressiveness/isolation. Gene expression data analysis
was performed to recognize candidate genes that were DE
in diabetic versus non-diabetic conditions, once for overall
population (regardless of sex) and once for females-only and
males-only groups. Moreover, data analysis for sex differences was performed to determine the differences in hepatic
gene expression between females and males in health versus
disease—i.e., “diabetic” males versus “diabetic” females,
and “non-diabetic” females versus “non-diabetic” males.
Summary Table 1 shows the total number of DE genes for
each analysis group and the total number of over/underexpressed genes in each. Furthermore, below, we present
the results as summarized in heatmaps and lists of the most
significant candidate genes. Full details of the top prioritized
genes, including gene rank, gene symbol/definition, FC,
and significance level are available in the Online Appendix.
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Fig. 1  Glucose levels (mg/
dL) of 41 CC lines (a) and
separately for 31 female lines
(b) and 30 male lines (c), after
12 weeks on high-fat diet (HFD,
42% fat) measured at final time
point (time 180 min) of IPGTT.
Y-axis represents blood glucose
levels (mg/dL). X-axis represents the different CC lines (IL
and #). No. of animals: all (a)
84 mice, females (b) 42 mice,
males (c) 42 mice

Table 1  Summary table of
the total number of DE genes
in each analysis group and
the number of over-/underexpressed gene within each
group

Analysis

Group

Symbol

Total genes

Over-expressed

Underexpressed

Non-diabetic versus diabetic

All
Females
Males
Non-diabetic
Diabetic

AN versus AD
FN versus FD
MN versus MD
MN versus FN
MD versus FD

601
718
599
734
874

449
529
430
547
590

152
189
169
187
284

Males versus females

Moreover, Table 5 in the Online Appendix shows the differential expression of few positive control genes expressed
from the X/Y chromosomes, where indeed Y Chr genes as
expected show higher expression in males than in females.
These results confirm the validity of the approach and
obtained results.
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Overall population diabetic versus non‑diabetic
mice
Data analysis revealed 601 genes to be DE (P-value < 0.05)
between the overall population (both sexes) diabetic to nondiabetic hepatic tissues, of which 99 genes also had |log2
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fold change| > 1. In Fig. 2a, we present the heatmap of the
top prioritized genes (fpkm values) for this test. The heatmap includes 28 genes defined as the most critical genes to
ontological clusters derived from the Gene Ontology Biological process corpus, based on their significance level and
enrichment analysis. Furthermore, we performed in-depth
analysis of the significant DE genes with absolute log FC
ratio higher than one (P-value < 0.05 and |logFC| > 1) using
the MGI Mammalian Phenotype terms. Analysis results
indicated 13 significant mammalian phenotype (MP) clusters/terms, which are highly associated with T2D and MetS
phenotypes, directly or as side effect of health complications. Each MP term presents a different known phenotype
of T2D and/or MetS, which is significantly enriched in the
DE-expressed genes. Five of the foremost DE genes ranked
on top of the highly prioritized genes include the Lepr, Ins2,
Mb, Ckm, and Ckmt2 genes (Table 2). Our findings report
under-expression of Lepr in hepatic tissue of diabetic versus non-diabetic mice (FC = − 1.062, P-value = 1.5 × 10−3),
which is significantly involved in five clusters of MP terms:
MP:0001556- increased circulating HDL cholesterol
level, MP:0004896- abnormal endometrium morphology,
MP:0001426—polydipsia, MP:0005217—abnormal pancreatic beta-cell morphology, and MP:0002625—heart
left ventricle hypertrophy. Contrarily, expression levels of Ins2 (MGI:96573) were significantly (FC = 1.013,
P-value = 0.034) elevated in diabetic versus non-diabetic
mice. Ins2 gene over-expression was significantly involved
in three clusters of MP terms: MP:0002625—heart left
ventricle hypertrophy, MP:0005217—abnormal pancreatic
beta-cell morphology, and MP:0001426—polydipsia. Additionally, our results report significant under-expression of
Mb (FC = − 3.70, P-value = 5 × 10−5) in diabetic compared
to non-diabetic mice. The MP terms for Mb gene were muscle fatigue (MP:0003646) and heart left ventricle hypertrophy (MP:0002625). Two additional co-expressed genes
in the Mb gene network are Ckm (MGI:88413) and Ckmt2
(MGI:1923972) genes, which were significantly underexpressed (Ckm; FC = − 3.18, P-value = 5 × 10−5/Ckmt2;
FC = − 1.56, P-value = 5 × 10−5) in diabetic mice. Ckmt2
expression alterations in diabetic versus non-diabetic liver
tissues were significantly involved in the MP terms for
heart left ventricle hypertrophy (MP:0002625) and polydipsia (MP:0001426), which are major phenotypes of T2D
etiology.

Diabetic versus non‑diabetic females
In total, 718 genes were DE (P-value < 0.05) between diabetic versus non-diabetic females, of which 178 genes also
had |log2 fold change| > 1. A heatmap of the top prioritized
genes of the data analysis (fpkm values) is presented in
Fig. 2b, suggesting 25 candidate linker genes to be DE.
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MGI browser for Mammalian Phenotypes terms revealed
15 significant mammalian phenotype (MP) clusters/terms,
including terms of homeostasis/metabolism phenotype
(MP:0005376), containing the MP terms of abnormal
energy expenditure (MP:0005450), decreased triglyceride
level (MP:0005318), and decreased liver triglyceride level
(MP:0009356). Moreover, MP terms of T2D and MetS
side effects/health complications, for instance MP terms
of Abnormal body weight (MP:001259), Muscle fatigue
(MP:0003646), Cardiovascular system; Heart left ventricle hypertrophy (MP:0002625), Increased angiogenesis
(MP:0005601) and several MP terms of the Immune system. Within the top prioritized genes, the five foremost
DE genes were Hdc, Serpina12, Socs1, Socs2, and Mb.
Our results indicate a significant (P-value = 3.6 × 10−3)
under-expression (FC = − 1.0019) of the Hdc levels in diabetic liver tissues, related to MP terms of abnormal substantia nigra morphology (MP:0000836), heart left ventricle hypertrophy (MP:0002625), increased epididymal
fat pad weight (MP:0009288), and abnormal body weight
(MP:0001259). Furthermore, a significant under-expression
of the Vaspin levels observed in diabetic mice (FC = − 1.16,
P-value = 3.0 × 10−4) involved in MP phenotypic terms of
heart left ventricle hypertrophy (MP:0002625), increased
epididymal fat pad weight (MP:0009288), and abnormal
body weight (MP:0001259). As for the Socs1 gene, our data
report a significant (P-value = 4.5 × 10−3) over-expression
(FC = 1.0060) in diabetic versus non-diabetic livers, to be
significantly related to the phenotypic terms of heart left
ventricle hypertrophy (MP:0002625), increased circulating interleukin-12b level (MP:0008647), and abnormal
body weight (MP:0001259). Our data report a significant
(P-value = 4 × 10 −4) under-expression (FC = − 1.26) of
Socs2 levels in diabetic mice significantly related to the
same phenotypic terms as of Socs1. Furthermore, a significant (P-value = 5 × 10−5) under-expression (FC = − 3.46)
of Mb gene in diabetic, significantly related to the MP
terms of muscle fatigue (MP:0003646), increased angiogenesis (MP:0005601) and heart left ventricle hypertrophy
(MP:0002625).

Diabetic versus non‑diabetic males
In total, 599 genes were found to be DE (P-value < 0.05)
between the diabetic versus non-diabetic males, of which
120 genes also had |log2 fold change| > 1. A heatmap is presented in Fig. 2c, suggesting 49 candidate genes to be DE
between diabetic and non-diabetic liver tissue. Furthermore,
data analysis revealed 11 significant mammalian phenotype
(MP) clusters/terms related to T2D and MetS health complications, including terms of different body systems/tissues and terms of increased susceptibility to bacterial infection (MP:0002412) of the immune system. MP term of the
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Fig. 2  Heatmaps of hepatic
gene expression of the top prioritized genes for the CC mice
diabetic versus non-diabetic,
in response to 12 weeks of
HFD (42% Fat) challenge, for a
overall population (regardless
of sex), b females-only group, c
males-only group. Genes level
of expression is expressed in
fpkm values (fragments per
kilobase of exon per million
fragments mapped) presented
across diabetic versus nondiabetic samples represented by
colors scale. Right Y-axis represents associated genes, which
includes the top prioritized
differentially expressed genes in
comparison between diabetic to
non-diabetic mice. X-axis represents the diabetogenic condition
of mice
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Table 2  List of top prioritized candidate genes (hub genes) based
on BioInfoMiner analysis using Gene Ontology biological process
terms, significantly DE in diabetic versus non-diabetic hepatic tis-

sues of overall, females-only, and males-only CC mice population, in
response to 12 weeks HFD (42% Fat) challenge, regardless of sex

Group

Gene

Definition

Locus

Fold Change

P-value

Overall

Lepr
Ins2
Mb
Ckm
Ckmt2
Hdc
Serpina12

Leptin receptor
Insulin Π
Myoglobin
Creatine kinase, muscle
Creatine kinase, mitochondrial2
Histidine decarboxylase
Serine (or cysteine) peptidase inhibitor, clade A (alpha-1
antiproteinase, antitrypsin), member 12
Suppressor of cytokine signaling 1
Suppressor of cytokine signaling 2
Myoglobin
Serine (or cysteine) peptidase inhibitor, clade E, member 1
Myoglobin
Renin 1 structural
Solute carrier family 4 (anion exchanger), member 1
ATPase, Ca++ transporting, cardiac muscle, fast twitch 1

4:101717403-101815352
7:142678655-142699510
15:77015488-77057107
7:19411093-19421583
13:91853386-91876885
2:126593666-126619299
12:104028768-104044443

− 1.06
1.01
− 3.70
− 3.18
− 1.56
− 1.00
− 1.16

1.50e−03
0.034
5.00e−05
5.00e−05
5.00e−05
3.60e−03
3.00e−04

16:10783807-10785536
10:95385361-95417180
15:77015488-77057107
5:137061503-137072268
15:77015488-77057107
1:133350509-133360325
11:102348823-102366203
7:126428758-126463108

1.01
− 1.27
− 3.46
1.15
− 3.21
− 1.11
− 1.21
− 2.48

4.50e−03
4.00e−04
5.00e−05
5.00e−05
0.042
2.00e−04
1.00e−04
5.85e−03

Females only

Males only

Socs1
Socs2
Mb
Serpine1
Mb
Ren1
Slc4a1
Atp2a1

For each gene are presented: Group—Overall population/females-only or males-only; Gene Symbol—short name of the gene; Definition—full
name of the gene; Locus—genomic location of the gene; Fold Change– log 2 fold change ratio of gene expression levels between diabetic to
non-diabetic conditions; P-value—significance level of the fold change level

muscle tissue (abnormal muscle physiology (MP:0002106))
and muscle fatigue (MP:0003646), cardiovascular system
(increased angiogenesis (MP:0005601) and cardiac fibrosis (MP:0003141)), renal/urinary system (abnormal urine
homeostasis (MP:0009643)) and kidney medulla atrophy
(MP:0011422), homeostasis (dehydration (MP:0001429)),
increased circulating glycerol level (MP:0003443) and acidosis (MP:0003031). The top ranked five candidate genes
were Serpine1 (PAI-1), Mb, Ren1, Slc4a1, and Atp2a1.
Data analysis revealed that PAI-1 is ranked the first on
the candidate genes list, with significantly elevated levels
(over-expression; FC = 1.15, P-value = 5 × 10−5) in diabetic, related to four MP terms of increased susceptibility
to bacterial infection (MP:0002412), kidney medulla atrophy (MP:0011422), cardiac fibrosis (MP:0003141), and
increased angiogenesis (MP:0005601). The hepatic Mb
gene was significantly under-expressed in diabetic mice
(FC = − 3.21, P-value = 0.04) and was involved in MP terms
of muscle fatigue (MP:0 003646), increased angiogenesis
(MP:0005601), and cardiac fibrosis (MP:0003141). Contrariwise, Ren1 gene was under-expressed (FC = − 1.11,
P-value = 2 × 10 −4) in hepatic tissues of diabetic mice
and was significantly associated with MP terms of kidney medulla atrophy (MP:0011422) and cardiac fibrosis
(MP:0003141). As for the Slc4a1 gene, a significant underexpression (FC = − 1.21, P-value = 1 × 10−4) was reported
in diabetic liver tissues, which is significantly related to
MP terms of kidney medulla atrophy (MP:0011422) and

cardiac fibrosis (MP:0003141). Eventually, the Atp2a1 gene
was under-expressed (FC = − 2.48, P-value = 5.85 × 10−3)
in diabetic mice tissues and significantly involved in MP
terms of muscle fatigue (MP:0003646) and cardiac fibrosis
(MP:0003141).
Venn diagrams in Figs. 3a and b present the overlap
between DE genes detected by the three tests (all, malesonly, and females-only) for p-value < 0.05 DE genes (A) and
for p-value < 0.05 & |log2FC| > 1 DE genes (B).

Females versus males in diabetic and non‑diabetic
conditions
In this part of the study, we focus on baseline sex differences
between females and males during healthy and diabetic conditions, while sharing the same environmental conditions.
All the tests performed here are for sex differences, comparing females and males of the same condition (diabetic only
or non-diabetic only), by merge of all the alignments for the
female mice and all the alignments for the male mice, and
then compared those by running the Cuffdiff analysis.

Non‑diabetic females versus males
For the non-diabetic mice, 193 genes were DE (|log2
fold change| > 1) in males versus females’ hepatic tissues (P-value < 0.05). Figure 4a presents a heatmap of the
hepatic gene expression (fpkm values) of 36 top prioritized
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respiratory mechanics (MP:0002314), enhanced lipolysis
(MP:0008034), and abnormal respiratory electron transport chain (MP:0010955). And, conversely, over-expression (FC = 1.41) of the hepatic Cav1 gene in non-diabetic
males compared to females is significantly linked to MP
terms of abnormal respiratory mechanics (MP:0002314),
enhanced lipolysis (MP:0008034), increased bone trabecula
number (MP:0010868), and abnormal respiratory electron
transport chain (MP:0010955). Third in rank, the hepatic
Socs2 gene was under-expressed (FC = − 1.19) in males versus females, suggesting a baseline sex-specific expression
variations. Socs2 expression variations were significantly
associated with MP terms of abnormal respiratory mechanics (MP:0002314), enhanced lipolysis (MP:0008034), and
increased bone trabecula number (MP:0010868). Next,
fourth in rank, the hepatic Abcg2 (FC = 1.30) gene overexpression in males versus females was associated with
MP terms of abnormal respiratory electron transport chain
(MP:0010955) and enhanced lipolysis (MP:0008034). The
Col5a3 gene, ranked fifth from the top, was over-expressed
(FC = 1.54) in males versus females and significantly
involved in MP terms of increased pancreatic islet cell apoptosis (MP:0014121) and enhanced lipolysis (MP:0008034).
Fig. 3  Venn diagrams presenting the overlaps between DE genes of
the three tests of All, females-only and males-only groups for diabetic
versus non-diabetic comparison. a Venn diagram for p-value < 0.05
DE genes and b Venn diagram for p-value < 0.05 & |log2FC| > 1 DE
genes

candidate genes. MGI browser for Mammalian phenotypes,
reported 14 mammalian phenotype (MP) clusters/terms
significantly related (directly/indirectly) to T2D health
complications, of which 7 branches were of the abnormal
homeostasis term (MP:0001764), including abnormal
energy expenditure (MP:0005450), terms of abnormal lipid
homeostasis (MP:0002118), and abnormal glucose homeostasis (MP:0002078). As well terms of abnormal adipose
tissue morphology (MP:0000003) and abnormal cell physiology (MP:0005621), containing the term of increased
pancreatic islet cell apoptosis (MP:0014121). For each of
the DE top prioritized genes (|logFC| > 1) between nondiabetic females and males ,the FC—fold change level and
P-value are reported, and the direction of FC is under/overexpressed in males relatively to females. Top five prioritized
genes were, as ranked from top to bottom, the Lepr, Cav1,
Socs2, Abcg2, and Col5a3. In this context of sex-specific
differences, our data represent baseline (non-diabetic) significant under-expression (FC = − 1.55; P-value < 0.05)
of Lepr gene in liver tissues of males versus females to
be significantly associated with MP terms of increased
pancreatic islet cell apoptosis (MP:0014121), abnormal
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Diabetic females versus males
For the diabetic mice, 389 genes were DE (|log2 fold
change| > 1) between diabetic females versus diabetic males
(P-value < 0.05). Figure 4b presents a heatmap of the top
prioritized genes, suggesting 68 DE top prioritized candidate genes. MGI browser for Mammalian phenotypes
reported 23 mammalian phenotype (MP) clusters/terms to
be significantly associated with the candidate genes, while
majority of the MP terms related directly or indirectly to
T2D health complications. The larger hierarchical MP
term family belonged to the immune system phenotype
(MP:0005387), followed by families of abnormal lipid
homeostasis (MP:0002118), endocrine/exocrine gland phenotype (MP:0005379) containing two MP terms of abnormal pancreatic islets, growth/size/body region phenotype
(MP:0005378), and increased food intake (MP:0011939).
The top five prioritized genes, as ranked from top to bottom, were the Lepr, Clps, Ins2, Cav1, and Mrap2 gene. The
Lepr gene, ranked on top of the candidate genes lists, is
markedly maintained in the groups of “All mice,” “Non-diabetic females versus males,” and in the current list. Here,
Lepr levels were under-expressed (FC = − 1.41) in males
versus females. While, beside the MP term of increased
pancreatic islet cell apoptosis (MP:0014121), Lepr sexual dimorphism in diabetic condition exists, suggesting
MP terms of decreased susceptibility to endotoxin shock
(MP:0008734), decreased circulating triglyceride level
(MP:0002644), increased circulating HDL cholesterol level
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Fig. 4  Heatmaps of hepatic
gene expression for the sex
differences top prioritized
genes in response to 12 weeks
of HFD (42% fat) challenge, at
a baseline condition (non-diabetic) and b disease (diabetes).
Genes level of expression
are expressed in fpkm values
(fragments per kilobase of exon
per million fragments mapped)
presented across males versus
females hepatic tissue represented by colors scale. Right
Y-axis represents associated
genes, which includes the
top prioritized differentially
expressed genes in comparison
between males and females.
X-axis represents the mice sex

(MP:0001556), and increased compensatory feeding amount
(MP:0011958). Second in rank, the Clps gene, underexpressed (FC = − 3.02) in diabetic males versus females,
is associated with decreased susceptibility to endotoxin
shock (MP:0008734), sparse hair (MP:0000416), decreased

circulating triglyceride level (MP:0002644), and increased
compensatory feeding amount (MP:0011958). Following,
third in rank, our findings report hepatic Ins2 under-expression (FC = − 2.53) in diabetic males compared to females,
to be related to MP terms of increased pancreatic islet cell
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apoptosis (MP:0014121), increased vascular permeability
(MP:0003070), decreased circulating triglyceride level
(MP:0002644), and increased compensatory feeding amount
(MP:0011958). Next, fourth in rank is the Cav1 over-expression in males versus females (FC = 1.43), similar to the
result in the previous section of “non-diabetic females versus males,” but with different MP terms here. The suggested
MP terms for Cav1 over-expression, here, were decreased
susceptibility to endotoxin shock (MP:0008734), increased
vascular permeability (MP:0003070), abnormal body water
content (MP:0000676), and increased compensatory feeding amount (MP:0011958). Fifth in rank, the hepatic Mrap2
gene over-expression (FC = 1.54) in males versus females
is associated with MP terms of decreased susceptibility
to endotoxin shock (MP:0008734), increased circulating
HDL cholesterol level (as in “All mice”; MP:0001556), and
increased compensatory feeding amount (MP:0011958).

plays a prominent role in this network, also known as HNF6
(hepatocyte nuclear factor 6), encodes a member of the Cut
homeobox family pf transcription factors. Its expression is
enriched in the liver, where it antagonizes glucocorticoidstimulated gene transcription. The Onecut1 gene is potentially involved in several biological processes, including
glucose metabolism and cell cycle regulation. Additionally,
among the significant genes, we have identified the ones
with key, prominent, and regulatory role in the network that
potentially plays a major part in the manifestation of T2D.
As for the results from the comparison between males
and females, from the generated networks presented in
Fig. 6a and b, it is obvious that different key players seem
to be involved in T2D manifestation in the two sexes, with
Ppargc1a and Ccnd1 acting as key regulators in female and
male mice, respectively. Both genes have been previously
linked to obesity-associated T2D (Shen and Zhu 2018).

Gene regulatory networks

Gene expression data integration with published
QTL data

A gene regulatory network was obtained from the DE genes
in normal vs. diabetic mice (p-value < 0.05), including
genes from the three group of all mice, females-only, and
males-only as shown in Figs. 5a–d. The Onecut1 gene that

Fig. 5  Gene regulatory network obtained from Consensus Path DB
(Kamburov et al. 2012) from differentially expressed genes in normal
versus diabetic mice (p value < 0.05& |logFC| > 1), a including genes
from ANvsAD, FNvsFD and MNvsMD. b Gene regulatory network

13

Integration of the gene expression data with previously reported QTLs of glucose tolerance femalespecific QTLs in collaborative cross mice in regions:

from ANvsAD. c Gene regulatory network of Female group, from
FNvsFD. d Gene regulatory network of Male group, from MNvsMD.
Highlighted in red are genes prioritized by BioInfoMiner
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Fig. 6  Gene regulatory network
obtained from Consensus
Path DB from differentially
expressed genes in a diabetic
group, female versus male
mice (p value < 0.05 and
|logFC| > 1), b non-diabetic
group, female versus male mice
(p value < 0.05 and |logFC| > 1).
Highlighted in red are genes
prioritized by BioInfoMiner

8:32–34.5 Mb (Abu-Toamih Atmni et al. 2017) and
liver fattiness in regions 4:35–37 Mb, 17:8–11 Mb, and
18:64–66 Mb (Abu-Toamih Atamni et al. 2016a) revealed
no significant variations. Variations were identified in
the region 8:32–34.5 Mb, including 2 genes (Gm6877,
5930422O12Rik), but these were not significant (female
group). Also, in chromosomal region 18:64–66 Mb,
for Alpk2 gene, it was not significant (All mice, female
groups); for Grp gene, it was not significant (male group).
In region 4:35–37 Mb, for 3110043O21Rik gene, it was

not significant (male group). Additional glucose tolerance
sites tested 9:36–49 Mb, 11:62–71 Mb, and 12:79–99 Mb
(Clee and Attie 2007). For 9:36–49 Mb, variations were
identified in Gm26249 (logFC = − 2.09, pv = 0.0135,
FDR = 0.86) for all mice group and (logFC = − 2.00,
pv = 0.004, FDR = 0.9) male-only group, this group also
had variations in Sorl1 with logFC = 1.18, pv = 0.0072,
FDR = 0.6. Scn4b, Crtam, Tmprss, and Zbtb19 were not
significant. For 11:62–71 Mb, variations were identified
in Myh1 (logFC = − 1.226, pv = 0.00005, FDR = 0.012)
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for all mice group, (logFC = − 1.26, pv = 0.00005,
FDR = 0.013) for females, not significant for male group
but with logFC = − 0.85, pv = 0.0003, FDR = 0.06.
In male’s group, Adcy1 was significantly altered with
logFC = − 1.97, pv = 0.00005, FDR = 0.013. Myh2,
Myh4, Myh8, Myh13, 2310065F04Rik, and Dhrs7c
were not significant. For 12:79–99 Mb, Acot3 gene had
(logFC = − 1.44, pv = 0.0007, FDR = 0.1) in all mice
group, (logFC = − 2.05, pv = 0.00015, FDR = 0.036)
in male group, and Fos (logFC = 1.26, pv = 0.0003,
FDR = 0.056) in female group. Acot2, Plekhd1, Acot5,
Syndig1 l, and Kcnk10 were not significantly altered.

Discussion
The collaborative cross (CC) is a next-generation mouse
genetic reference population (GRP), developed by appreciable efforts of the complex trait community (CTC). The
main aim behind the development of the CC multi-parental
mouse model was to multiply the genomic mapping resolution of complex traits and complex diseases’ etiology of
relevance to human health. Herein, we demonstrate for the
first time the utilization of this diverse genetic reference
population for the study of diet-induced T2D health complications at the level of hepatic gene expression. Nextgeneration RNA-sequencing was performed to assess the
hepatic gene expression profile in health (non-diabetic
CC lines) versus disease (diabetic CC lines). Moreover,
hepatic gene expression profile of non-diabetic females
versus males was assessed in order to track candidate
genes responsible for sex differences at baseline state
(health), and thereafter, a similar analysis was performed
for females versus males in the disease state (diabetic CC
lines).

Under‑expression of Lepr in diabetic condition
Under-expression of Lepr in diabetic condition may indicate
liver resistance to Leptin hormone, which is an abnormal
condition leading to impaired regulation of triglyceride
metabolism, impaired hepatic glucose homeostasis, and
impaired hepatic insulin sensitivity (Do et al. 2016). Leptin
function is complex and known to play central regulatory
roles in a wide range of systems including regulation of
energy homeostasis, satiety (food intake), lipid, and glucose metabolism, alongside the activation of the immune
system. Leptin hormone is a well-known candidate in the
study of diabetes, obesity, and metabolic syndrome features.
Our study’s results give support and evidence for the complex roles of leptin receptor far beyond mediating satiety
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and suggest it as major player of the hepatic tissue in the
pathogenesis of T2D (Joost and Schürmann 2014).

Hepatic compensatory mode under stress
Our findings present an interesting phenomenon of extrapancreatic expression of Ins2, i.e., insulin expression in the
liver tissue with significantly higher levels in diabetic mice.
A similar phenomenon was previously described in hyperglycemic high-fat diet-fed mice by Kojima et al. (2004) and
also Chen et al. (2010), which is possibly one of the compensatory mechanisms of the liver, in response to impaired
glucose tolerance and insulin resistance. Consistent with
this, the pancreatic Reg1 gene expression levels were significantly elevated in the liver tissue of diabetic mice in our
study, manifesting hepatic cells expressing pancreatic factors
(heterotopic phenotype). A particular situation of hepatic
to pancreatic switch occurs nearby injured liver microenvironment or in a compensatory mode under stress conditions (Parikh et al. 2012). Data mining for Ins2 expression
levels in all the groups revealed that only females express
Ins2 in the liver. Focusing on the females-only group, Ins2
expression during health was very slight and closer to zero,
supporting the aforementioned hypothesis of compensatory
mechanisms of the liver during diabetes, which are apparently specific for females. And indeed, referring to the literature, we realize that normally mice and rats express two
non-allelic insulin genes, Ins1 and Ins2, located on different
chromosomes (19 and 7, respectively), mediating different
metabolic pathways in female and males (Templeman et al.
2016). It is important to mention that peripheral interactions of leptin–Insulin pathways are known to play a central
role in energy homeostasis and therefore are investigated as
therapeutic agents for diabetes.

DE genes of hypoxia/ischemia and tissue injury
phenotypes
At the level of hypoxia/ischemia and tissue injury phenotypes during diabetes, and with regard to the T2D co-morbidity with NAFLD, three candidate co-expressed genes
were suggested in our study; Mb (Myoglobin), Ckm, and
Ckm2, as significantly under-expressed in diabetic hepatic
tissues. Study of Myoglobin deficiency in myo−/− mice
showed adaptation of the mice to Mb deficiency via compensatory mechanisms, and yet, the results are highly variable
between mouse strains suggesting a complex regulatory gene
network of Mb to be controlled by the genetic host background (Schlieper et al. 2004). Myoglobin expression in the
liver was suggested to play a protective role against oxidative stress effects by enhancing ATP levels and oxidization
ratio (Nitta et al. 2003). Therefore, our findings may indicate
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decreased oxidization processes leading to increased risk
for liver injury.

DE genes of the inflammatory system
Another major system involved in the basis of T2D and
metabolic syndrome pathogenesis is the inflammatory system, which is proposed to be a mediator between insulin
resistance and the various metabolic interruptions. One of
the candidate genes for females group was the Hdc gene (histidine decarboxylase) of the histaminergic system, which is
involved in multiple body systems and tissues including the
immune system and metabolism homeostasis. Indeed, the
Fülöp et al. (2003) study, using homozygous Hdc knock-out
mice, has reported multi-systemic abnormalities, including
obesity, impaired glucose tolerance, and hyperleptinemia,
while in our study the Hdc was under-expressed in diabetic
females. Based on studies and on our findings, we may recommend the Hdc gene investigation as potential treatment for
diabetes health complications (Fülöp et al. 2003). Additional
candidate genes of the inflammatory system of the females
involve two members of the SOCS (suppressors of cytokine
signaling) proteins family genes, Socs1 (over-expressed) and
Socs2 (under-expressed) in diabetic hepatic tissues. Socs1
is an essential negative regulator for a wide range of pathways and systems including homeostasis/metabolism and
the immune system. Over-expression of Socs1 in the liver
is stimulated by increased levels of the inflammatory factors, IL-6 and IFNγ, i.e., mediated via inflammatory factors,
implies the strong linkage between inflammation and diabetes (Lebrun and Van Obberghen 2008). Studies of mouse
models for Socs1 deficiency have reported multi-system
abnormalities, including inflammation of the liver and pancreas, as well as hepatomegaly and hepatic steatosis (Zhang
et al. 2001). Furthermore, constitutive expression of Socs1 in
the liver induces diabetes, metabolic syndrome features, and
hepatic steatosis (Ueki et al. 2004). As for the Socs2 gene,
which plays an essential role in hepatic regeneration alongside its role as negative regulator of growth (Masuzaki et al.
2016), hepatic expression levels were reduced in diabetic
high-fat-fed females’ tissues in our study. Previously, it was
shown that high-fat-fed SOCS2−/−mice had higher susceptibility (vs. wild type) to diet in terms of metabolic syndrome
features, with elevated levels of inflammatory cytokines
(Zadjali et al. 2012). Thence, targeting Socs1 suppression
and/or Socs2 induction of expression in females will be an
interesting strategy to investigate for the treatment of diabetes. As for the males’ inflammatory system, two central candidate genes are proposed, the Serpine1 and Slc4a1 genes,
over- and under-expressed, respectively, in diabetic hepatic
tissues of males. The Serpine1 named also PAI-1 plays a
key role as inhibitor of fibrinolysis and important roles in
inflammation and wound healing. Over-expression of PAI-1

has been related to diabetes and metabolic syndrome features, while hepatic over-expression of PAI-1 has been coassociated with NAFLD severity/type and insulin resistance
(Jin et al. 2018), which implies the potential targeting of
hepatic PAI-1 as a possible marker for diabetic/metabolic
syndrome progress. Interestingly, in this context, a study of
human hepatic gene expression in health versus diabetes has
reported down-regulation of plasminogen in diabetic subjects (Takamura et al. 2004). A recent study of Chan et al.
(2015) reported significant linkage between Slc4a1 variants
and increased risk for diabetes.

Hepatic sexual dimorphism in health and disease
conditions
The most dominant MP terms within the ontological tree of
sex differences were associated with the immune system.
Sexual dimorphism in health and disease is highly relevant
for the pharmacogenetics and pharmacokinetics of drugs for
the treatment of T2D, having a direct impact on the host
responsiveness to the treatment. Our study results reveal
broad presentation of the cytochromes P450 (CYP2) superfamily proteins (enzymes) which are known to metabolize
numerous endogenous and exogenous chemicals/xenobiotic/
steroids/fatty acids, including drugs metabolism. This means
that females to males’ differences are seriously considerable for the treatment of diabetes, in this case, and any other
disease in general (based on the naïve group). Genes of the
Cyp2 subfamily: Cyb2b9, Cyb2g1, and Cyb2b13, which are
responsible for drug and steroid metabolism, were underexpressed in males versus females during health, and much
more reduced during diabetes. This was in agreement with
our previous study (Nachshon et al. 2016). Indeed, the
sexual dimorphism of hepatic CYPs expression is a wellknown phenomenon, which is suggested to be regulated by
a complex regulatory network and need to be further investigated (Wiwi et al. 2004). A notable change is the additional
reduction in Cyp2b13 in health versus disease. Based on
a recent study using the Cyp2b9/10/13-null mouse model,
CypB hepatic expression is lower in males, which might be
mediated by the constitutive androstane receptor (CAR)
(Kumar et al. 2017). An additional gene with greater FC in
diabetic condition is the Cyp7b1 gene, 7-alpha hydroxylase
of steroid nucleus, playing a role in bile acid biosynthesis.
This gene was over-expressed in females versus males in
health state and even more during diabetes, a similar sexual
dimorphism was recently described by Xie et al. in STZHFD-induced NASH-HCC mouse model with regard to the
study of the cross-talk of the bile acids and microbiota in the
gut–liver axis. Over-expression of Cyp7b1 gene may result
in accumulation of cytotoxic bile acids in the liver and eventually increased risk for hepatic cancer in males (Xie et al.
2017). Moreover, another important sexual dimorphic gene
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of xenobiotic, lipid, and carbohydrate metabolism roles is
the Fmo3 gene, member of the Flavin-containing monooxygenases (FMOs) enzymes family. Fmo3 levels were consistently higher in females than males for both conditions
of health and diabetic, with significantly reduced levels in
diabetic mice. Similar findings were previously described in
several mouse strains (CD-1, Swiss-Webster, C57BL/6, and
DBA/2 mice) (Falls et al. 1995). In our study, elevated Fmo3
hepatic expression was related to protective effects against
CVD and atherosclerosis, in addition to improved lifespan
(aging) in mice with higher levels of hepatic Fmo3 and
Fmo4 (Rossner et al. 2017). These findings indicate higher
risk to a greater distinct in males for T2D co-morbidities
with possible impairment of lifespan. As previously and successfully implemented in our lab in translation from mouse
to human (Shusterman et al. 2017; Nashef et al. 2018), we
will use similar approaches for the translation of our finding
here to human. Future studies will be focused on assessing
gene expression findings using in vitro tissue culture analysis, which will minimize the use of live animals.
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