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1  | INTRODUC TION

Diabetes is a widespread disease, which is a serious threat to human 
health. Type 2 diabetes (T2D) is the most common type of diabetes, 
however, most childhood diabetes mellitus is type 1 diabetes (T1D). 
Because of the early onset of T1D in life, the influence of diabetes on 
the development of important organs is worthy of research.

The liver is a vitally important metabolic organ that regulates glu‐
cose and lipid metabolism.1,2 Liver diseases in diabetic patients have 

been extensively researched and described earlier, but mainly in T2D 
cases3,4 whereas few have been conducted in T1D cases, especially 
in cases of childhood onset. Therefore, it is meaningful to examine 
in deeper details the liver damage caused in congenital mice model.

OVE26 mice was previously generated by introduction of a 
calmodulin transgene regulated by an insulin promoter into FVB 
mice, which caused beta cell‐specific damage,5 without the effects 
of streptozotocin (STZ) toxicity. Such mice spontaneously develop 
T1D in less than seven days after birth, eventually leading to severe 
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Abstract
To detect the changes in the liver function in both male and female OVE26 mice 
from young to adults for better understanding of type 1 diabetes‐induced hepatic 
changes, OVE26 mice and wild‐type FVB mice were raised in the same environment 
without any intervention, and then killed at 4, 12, 24 and 36 weeks for examining 
liver's general properties, including pathogenic and molecular changes. The influence 
of diabetes on the bodyweight of male and female mice was different. Both male 
and female OVE26 mice did not obtain serious liver injury or non‐alcoholic fatty liver 
disease, manifested by mild elevation of plasma alanine transaminase, and less liver 
lipid content along with significantly suppressed lipid synthesis. Uncontrolled diabe‐
tes also did not cause hepatic glycogen accumulation in OVE26 mice after 4 weeks. 
Oxidative stress test showed no change in lipid peroxidation, but increased protein 
oxidation. Changed endoplasmic reticulum stress and apoptosis along with increased 
antioxidant capacity was observed in OVE26 mice. In conclusion, uncontrolled type 
1 diabetes did not cause hepatic lipid deposition most likely because of reduced lipids 
synthesis in response to insulin deficiency. Enhanced antioxidant capacity might not 
only prevent the occurrence of severe acute liver injury but also the self‐renewal, 
leading to liver dysfunction.
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hyperglycaemia5,6 with an elevated plasma TG level, which is consid‐
ered as a manifestation of poorly controlled T1D.7 Previous studies 
have shown obvious cardiovascular8‐10 and renal damage in OVE26 
mice; these mice exhibited the distinct albuminuria, characteristic 
for human T1D and diabetic nephropathy.6,11

In our previous work, OVE26 male mice showed hepatic in‐
jury,9,12 but there's a lack of dynamic examination and female OVE26 
mice data. We hypothesized that the liver damage in T1D mice may 
be time‐dependent and have gender difference since many studies 
showed the female hormone's protection from various pathogene‐
sis. Therefore, in order to study the effect of T1D on liver function 
during developing and maturation stage, we designed the experi‐
ment involving male and female mice from pups to adults.

2  | MATERIAL S AND METHODS

2.1 | Animals

Diabetic (OVE26) mice and age, gender‐matched wild‐type (WT, FVB) 
mice were housed at the University of Louisville Research Resources 
Center with a 12‐h light/dark cycle at 22°C and fed on standard 
pellet chow and water ad libitum. OVE26 mice and FVB mice were 
raised in the same environment without any intervention for whole 
life. Mice were killed without fasting between 10:00 am and 5:00 pm 
after a vertin‐anaesthesia. All animal procedures were approved by 
the Institutional Animal Care and Use Committee of the University of 
Louisville, and were performed in accordance with the Guide for the 
Care and Use of Laboratory Animals published by the US National 
Institutes of Health (NIH Publication No. 85‐23, revised 1996).

According to gender and strain, four different mice including 
FVB male mice (FM), FVB female mice (FF), OVE male mice (OM) 
and OVE female mice (OF) were killed at 4 age stages (4, 12, 24, and 
36 weeks), equivalent to early puberty, early adulthood, middle age 
in human. The number of mice in each group is more than 5 (4FM: 
n = 11, 4FF: n = 11, 4OM: n = 11, 4OF: n = 11, 12FM: n = 10, 12FF: 
n = 11, 12OM: n = 8, 12OF: n = 9, 24FM: n = 10, 24FF: n = 11, 24OM: 
n = 6, 24OF: n = 8, 36FM: n = 7, 36FF: n = 10, 36OM: n = 8, 36OF: 
n = 9).

2.2 | Western blot analysis

Western blotting was done as previously described.13,14 Antibodies 
are listed in Table S1.

2.3 | RNA isolation and real‐time RT‐PCR

Total RNA was extracted from liver tissues using TRIzol reagent 
(RNA STAT 60 Tel‐Test; Ambion, Austin, TX, USA). RNA concentra‐
tions were determined spectrophotometrically, genomic DNA was 
eliminated from the extracted RNA using RapidOut DNA Removal 
Kit (Thermo Fisher Scientific, Grand Island, NY, USA, K2981). The 
concentration was re‐determined after purification, and then 1 μg of 
RNA was reversely transcribed using an avian myeloblastosis virus 

reverse‐transcriptase kit (Promega, Madison, WI, USA). TaqMan 
Universal PCR Master Mix (Applied Biosystems) was employed to 
prepare the PCR mix; the primers utilized are listed in Table S2. The 
amplification reactions were realized in a Light Cycler ® 96 Detecti
on System (Roche Applied Science, Mannheim, Germany) with initial 
hold steps (95°C for 10 minutes) and 45 cycles of a two‐step PCR 
(95°C for 10 seconds and 60°C for 45 seconds). The fluorescence 
intensity of each sample was measured at each temperature change 
to monitor the amplification of the target gene.

2.4 | Determination of lipid peroxidation

Liver lipid peroxidation was examined using thiobarbituric acid–re‐
active substances assay according to the formation of malondialde‐
hyde (MDA) during acid hydrolysis of the lipid peroxide compound, 
as previously described.15

2.5 | Haematoxylin‐and‐eosin staining and Oil Red 
O staining

Hepatic tissues were fixed in 10% neutral phosphate‐buffered forma‐
lin. Tissues were embedded in paraffin and sectioned to a thickness 
of 5 µm for histopathological examination. Haematoxylin and eosin 
(H&E)‐stained sections were microscopically evaluated. Oil Red O 
(ORO) staining of the lipid accumulation in the liver tissues was per‐
formed in optimal cutting temperature medium (OCT)‐embedded 
frozen tissue. Cryosections (10‐mm thick) from the OCT‐embedded 
liver tissues were fixed in 4% buffered formalin for 10 minutes at 
room temperature, and stained with Oil Red O dye for 30 minutes.16 
All images were measured at 20x magnification and analysed using 
ImageJ version 1.44(https ://imagej.nih.gov/ij/) software.

2.6 | Biochemical analysis

To analyse the liver injury and metabolic abnormalities in the liver, 
the levels of plasma alanine aminotransferase (ALT), plasma glucose, 
plasma insulin, plasma and liver triglyceride (TG), and liver choles‐
terol (TC) were determined. The plasma ALT was measured using 
an ALT Colorimetric Activity Assay kit (Cayman Chemical Company, 
Ann Arbor, MI, USA), according to the instructions of the manufac‐
turer provided. Plasma insulin was measured using an Ultra Sensitive 
Mouse Insulin ELISA Kit, 90080 (Crystal Chem Inc, Downers Grove, 
IL, USA), according to the instruction provided. Plasma glucose assay 
was performed using a Mouse Glucose Assay Kit, 81692 (Crystal 
Chem Inc, Downers Grove, IL, USA). TG assay was conducted using 
a TG infinity assay kit (Thermo Fisher Scientific Inc, Waltham, MA, 
USA). Additionally, a TC assay was carried out using the TC infinity 
assay kit (Thermo Fisher Scientific Inc, Waltham, MA, USA).

2.7 | Immunofluorescence analysis

To assess the changes in the hepatocyte size, frozen tissue was cut 
into 8‐μm sections. Then, the sections were washed with PBS and 

https://imagej.nih.gov/ij/
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F I G U R E  1   General features of OVE26 mice plasma and liver. A, Bodyweight. B, Plasma glucose. C, Plasma TG change. D, Plasma ALT 
levels. E, Liver weight, as liver weight to tibia length ratio. F, Liver tissue H&E staining (scale bar = 100 um). G, FITC‐conjugated phalloidin 
staining of liver sections (scale bar = 25 um). H, Quantification of hepatocyte size between FVB and OVE26 mice. Data were compared by 
two‐way ANOVA followed by Tukey's multiple comparisons test (*P < 0.05 FF vs OF, ^P < 0.05 FM vs OM, #P < 0.05 FM vs FF, $P < 0.05 OM 
vs OF). Data are presented as the mean ± SD
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stained with FITC‐conjugated phalloidin (Alexa Fluor‐488; Invitrogen, 
Carlsbad, CA, USA) as previously described.9 Fluorescence was 
measure at 585‐nm and analysed using ImageJ.

2.8 | Glycogen determination

Glycogen was measured as previously described.17

2.9 | Statistical analyses

Data are presented as mean ± SD. Statistical analyses were con‐
ducted using the t test or one‐ or two‐way ANOVA as specified in 
each figure legend (Prism version 5; GraphPad Software, San Diego, 
CA, USA). A P < 0.05 was considered statistically significant.

3  | RESULTS

3.1 | General performance and liver pathogenic 
alterations of OVE26 mice

Body‐weight in both male and female FVB mice increased in age‐de‐
pendent manner from 4 to 20 weeks of age, and females continue to 
gain body‐weight after 20 weeks old as compare to males, but males 
were significantly heavier than females all the time. Compared to the 
bodyweight of gender‐ and age‐matched FVB mice, the bodyweight 
of male OVE26 mice was not significantly changed, but was increased 
in female OVE26 mice at ages between 16‐30 weeks. OVE26 mice 
also showed age‐dependent body‐weight increase in both male and 
female, except for female OVE26 mice at 36 weeks, and males were 
significantly heavier than females from 4 to 24 weeks of age (P < 0.05) 
(Figure 1A). Specific bodyweight changes were supplied in Figure S1.

No difference for the plasma glucose levels between male and 
female FVB mice, but compared to FVB both male and female 
OVE26 mice showed significantly increased plasma glucose levels 
at approximately threefold at 4 weeks old to fourfold at 12 weeks 
old and forward. There was no significant gender difference among 
OVE26 mice for plasma glucose level (Figure 1B).

Plasma TG assay revealed a slight trend of age‐dependent in‐
crease after 12 weeks in female FVB mice compared to same aged 
FVB males (P > 0.05). Female OVE26 mice showed significantly 
increased level of plasma TG in an age‐dependent manner after 
12 weeks (P < 0.05 vs gender‐ and age‐matched FVB). Between 
OVE26 males and females, there was a statistically significant differ‐
ence only at 36 weeks old (Figure 1C).

As an index of hepatic injury, plasma ALT displayed a stable level 
(about 20 U/L) within 4–12 weeks old in both male and female FVB 

mice. For OVE26 mice, both male and female mice showed statisti‐
cally increased ALT level compared to FVB from 12‐36 weeks in an 
age‐dependent manner without gender difference although OVE26 
females showed a little bit lower (P > 0.05) than OVE26 males at the 
36 weeks old (Figure 1D).

The general ratios of liver weight to tibia length, used as an 
index of the liver size changes, were slightly higher in the FVB 
males than in the FVB females (P < 0.05) only at ages of 4 and 
36 weeks. Compared to age‐matched FVB mice, OVE26 female 
mice showed more pronounced hepatomegaly at all ages, while 
OVE26 male mice at 12, 24 and 36 weeks (P < 0.05) (Figure 2A). 
Concerning sexual difference, female OVE26 mice showed a lower 
ratio of the liver to tibia length compared to the males at 4 weeks 
of age(P > 0.05), but it increased faster forward and was signifi‐
cantly larger at 36 weeks (Figure 1E).

HE staining showed no obvious pathological change in 
OVE26 mice liver (Figure 1F). To explore hepatomegaly showed 
in Figure 1E, we performed phalloidin staining of actin filaments, 
so that we can measure hepatic cell sizes (Figure 1G). All the mice 
showed time‐dependent increase, hepatocyte size became bigger 
after the age of 4 weeks, except for the male OVE26 mice that 
showed quickly decreased size from 24 to 36 weeks. Male mice 
showed larger hepatic cells compared to females (P > 0.05), ex‐
cept for male OVE26 mice at 36 weeks. Compared to FVB, OVE26 
male mice showed significant bigger hepatocytes than FVB mice 
at 12 and 24 weeks, while OVE26 female mice only at 24 weeks 
(Figure 1H).

3.2 | Type 1 Diabetes did not induce lipids 
deposition in OVE26 mice liver due to reduced lipids 
synthesis. Hepatic glycogen accumulation was not 
found in OVE26 mice after 4 weeks old

Diabetes is a disease in which glucose and lipid metabolism is dys‐
regulated, next we detected lipids in liver. ORO staining revealed the 
availability of fewer neutral lipids in the liver of male OVE26 mice 
after 4 weeks of age as well as in the liver of female OVE26 mice 
after an age of 12 weeks (Figure 2A,B). We found an increase in the 
liver neutral lipids content with ageing both in FVB and OVE26 mice; 
in male mice that change started from 24 weeks of age and in fe‐
male mice the change started from 12 weeks old (Figure 2C). Further 
biochemical analysis‐TG and TC test confirmed the age‐related in‐
crease in lipids (Figure 2E and G). The TG test also showed a reduced 
TG content in the liver of OVE26 mice after an age of 12 weeks 
(Figure 2D). Nevertheless, the TC test results did not exhibit differ‐
ences in this property between FVB and OVE26 mice (Figure 2F).

F I G U R E  2   OVE mice showed lower lipid content in the liver than FVB mice with ageing; both FVB and OVE mice had an increase in 
hepatic lipids with age. A, Oil red O staining (scale bar = 100 um). B, Quantification of red lipid areas between FVB and OVE26 mice. C, 
Quantification of red lipid areas in age. D, Liver tissue TG change between FVB and OVE26 mice. E, Liver tissue TG change with ageing. F, 
Liver tissue TC change between FVB and OVE26 mice. G, Liver tissue TC change in age. In B, D and F, Data were compared by unpaired t 
test, *P < 0.05 vs FVB mice of the same age and gender. In C, E and G, Data were compared by one‐way ANOVA followed by Tukey test, 
*P < 0.05 vs 4 weeks old; ^P < 0.05 vs 12 weeks old; #P < 0.05 vs 24 weeks old. Data were presented as means ± SD
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To identify the possible causes of lipids reduction in OVE26 
mice, FAS (lipid synthesis), PPAR‐α (lipid oxidation), LC3B and P62 
(autophagy) were determined by Western blot analyses. SCD1 

(lipid synthesis) and CD36 (fatty acid uptake) expression were 
measured by a real‐time PCR assay. FAS and SCD1 test results 
revealed that the lipid synthesis was reduced in both male and 
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female OVE26 mice from an early age (Figure 3A,B). It is known 
that SREBP‐1 regulates the expression of the genes, required for 
fatty acid and lipid production, through regulation of insulin lev‐
els,18 male OVE26 mice showed reduced nuclear translocation of 
SREBP‐1, and the trend was consistent with the trend of changes 
in FAS and SCD1. However, female OVE26 mice showed only re‐
duced nuclear translocation of SREBP‐1 at an age of 12 weeks, in‐
dicating that a different regulation mechanism operated between 
male and female animals (Figure 3C).

PPAR‐α result showed no increase in the lipid oxidation in the 
liver of OVE26 mice at most ages studied, but reduced lipid oxidation 
at 24 weeks old was found in diabetic male mice (Figure 3D). The 
increased CD36 expression indicated the presence of an augmented 
ability of OVE26 mice to uptake fatty acids (Figure 3E). OVE26 mice 
exhibited reduced autophagy as shown in LC3B (Figure 4A) and P62 
(Figure 4B), and the trend in the female mice was more obvious than 
in the male.

Next, we assessed glycogen content in liver tissue. The results 
showed that more glycogen content was only found at 4 weeks old in 
OVE26 mice liver both male and female. After 4 weeks old, there was 
no difference between OVE26 male and FVB male mice. For female 
mice, we found increased glycogen content in FVB mice at 12 weeks 
old, after that there was no difference between OVE26 and FVB 
mice (Figure 4C). Plasma insulin levels were assessed (Figure 4D). 
For male mice, plasma insulin levels in OVE26 mice significantly re‐
duced after 12 weeks old. For female mice, plasma insulin levels in 
OVE26 mice significantly reduced after 4 weeks old. Still a low level 
of insulin exists in OVE26 mice, the results are similar to previous 
reports.5,6,19

3.3 | Oxidative stress, inflammation and 
endoplasmic reticulum (ER) stress

Oxidative stress damage is the most widely recognized way through 
which diabetes induces organ damage. Hence, to confirm the above 
results, we additionally examined the levels of lipid peroxidation and 
protein oxidation. The MDA assay (Figure 5A) and western‐blot of 
4‐HNE (Figure 5B) results showed no increase in the lipid oxidation 
in OVE26 mice liver in both male and female animals.

As can be seen in Figures 5C, 3‐NT results revealed the pres‐
ence of multiple nitrated proteins, induced by diabetes. We detected 
higher nitration levels of proteins in OVE26 male mice at all four ages, 
but only at 12 weeks and 36 weeks of age in OVE26 female mice. It 
is noteworthy that less severe oxidative damage was observed in the 
OVE26 female mice than OVE26 male mice.

Since protein nitration in OVE26 mice were found, next we de‐
tected whether T1D induce inflammation and cell death in the livers 

of OVE26 mice. Except for the age of 12 weeks, in the other three 
age groups, hepatic TNF‐α level in OVE26 male mice increased, 
whereas increased TNF‐α levels were found only in female OVE 26 
mice at 4 weeks of age (Figure 6A), the results suggested that age 
and gender exert an impact on the inflammatory response in severe 
T1D.

Western blot results showed that OVE26 mice had less apopto‐
sis compared to FVB mice as revealed by the expression of cleaved 
caspase‐3 (Figure 6B) and AIF nuclear translocation (Figure 6C). 
Male and female mice displayed different patterns of changes in 
their ER stress at different ages. For example, the nuclear translo‐
cation of ATF6 and CHOP expression in OVE26 male mice was re‐
duced at most ages, whereas an increase in this parameter in OVE26 
female mice was present at an age of 4 weeks and no change was 
detected at other ages (Figure S2A and B). We also detected the BiP 
expression and nuclear translocation of ATF4 and found that male 
and female mice had an identical pattern of changes. BiP expression 
increased at the early ages (4 and 12 weeks) (Figure S2C), but there 
was no difference in the nuclear transport of ATF4 between FVB 
and OVE mice (Figure S2D).

3.4 | Hepatic antioxidative capacity of OVE26 mice

We found increased protein peroxidation and inflammation but re‐
duced apoptosis and mild general liver injury; these results imply the 
existence of possible protection mechanisms. As the ability to resist 
oxidative damage is critical for survival, we next assessed the he‐
patic antioxidative ability of OVE26 mice. We found that SOD2 had 
higher expression levels in the liver of OVE26 mice in 4‐36 weeks 
old (Figure 7A), whereas GPX4 was overexpressed in the liver of 
OVE26 mice within 12‐36 weeks (Figure 7B). Of note, HO‐1 also 
had higher hepatic expression in OVE26 mice, but in OVE26 male 
mice that phenomenon was established only at the ages of 12 and 
24 weeks; differently, in OVE26 female mice this change occurred 
within 12‐36 weeks of age (Figure 7C). These results suggested that 
OVE26 mice had higher antioxidant capacity than FVB.

4  | DISCUSSION

To the best of our knowledge, this is the first report on the liver 
function of OVE26 mice of both sexes from young to adult. (a) In the 
present study, we found that both male and female OVE26 mice did 
not exhibit serious acute liver injury especially at young age. (b) After 
20 weeks of age, the weight gain of male and female mice was in‐
consistent, and the influence of diabetes on the weight gain of male 
and female mice was also different. (c) Lipid analysis results showed 

F I G U R E  3   Reduced lipids synthesis was the cause of less lipids in OVE mice liver. A, FAS protein expression between FVB and OVE26 
was detected by Western blot. B, mRNA expression of SCD1 between FVB and OVE26. C, SREBP‐1 nuclear translocation was determined 
by Western blot. D, PPAR‐α protein expression between FVB and OVE26 was detected by Western blot. E, mRNA expression of CD36 
between FVB and OVE26. Data were compared by unpaired t test, *P < 0.05 vs FVB mice of the same age and gender. Data are expressed as 
means ± SD
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F I G U R E  4   Changes of liver autophagy protein, hepatic glycogen content and plasma insulin level. A, LC3B protein expression was 
detected by Western blot. B, P62 protein expression was detected by Western blot. C, Liver tissue glycogen content. D, Plasma insulin 
levels. Data were compared by unpaired t test, * P < 0.05 vs FVB mice in same age and gender. Data were presented as means ± SD
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that the lipid content in the liver of OVE26 mice was lower than that 
of FVB mice after 4 weeks old. (d) Glycogen analysis results showed 
that T1D did not cause hepatic glycogen accumulation in OVE26 
mice after 4 weeks old. (e) The performance of male and female 
OVE26 mice at different age stages were different, and the damage 
in female mice was less serious than that in the male mice, like other 
studies found that females generally have lower levels of oxidative 
stress and ROS production than males in cardiovascular system.20 (f) 
We further found changed apoptosis and autophagy protein levels 
and an increased antioxidant capacity in OVE26 mice.

Weight gain is common among ageing women, especially during 
the menopausal transition.21 The underlying mechanisms are largely 
unknown. Pre‐clinical and clinical research indicate that ovarian 
hormones may play a major role, oestrogens play a leading role in 
the causes and consequences of female obesity.22 After 20 weeks 
is equivalent to reaching menopause, we hypothesized that oestro‐
gen was responsible for the continued weight gain of female mice. 
Diabetes affects ovarian function throughout the lifespan, female 
with T1D are more likely to have menstrual dysfunction and an ear‐
lier menopause.23 Hypogonadotropic hypogonadism, hypoestro‐
genism, excessive weight and fat mass gain have been described 
in T1D women.24 The weight gain of OVE26 female mice between 
16‐30 weeks was the result of T1D.

Non‐alcoholic fatty liver disease (NAFLD) is the most common 
liver disease, it is prevalent in T2D and can occur in T1D.25 However, 
the diagnosis of NAFLD has been mainly based on ultrasonogra‐
phy findings, which is not considered the optimal method to mea‐
sure fatty liver.26 In children and adolescents with T1D, screening 
using ultrasound did not find significantly increased prevalence of 
NAFLD.27 Studies by magnetic resonance (MR) imaging, conducted 
to measure the hepatic fat content, found no increased prevalence of 
NAFLD in adults patients with T1D28‐30 and in children patients with 
T1D.31 Insulin is essentially involved in the regulation of the hepatic 
energy metabolism and promotes lipogenesis in the liver.32 In T2D 
cases defined as insulin‐resistant states, insulin failed to suppress 
hepatic glucose production but enhanced lipid synthesis.33 Lipid 
synthesis was found to be reduced in T1D, which is characterized by 
diminished production of insulin.34,35 In addition, insulin therapy was 
established to stimulate the lipogenesis31 and weight gain in patients 
with T1D.36 In this study, we found a decrease in FAS expression 
in both male and female OVE26 mice at the same age, which is in 
agreement with the findings of the above‐mentioned human studies.

Lipids may accumulate in the liver as a result of multiple abnor‐
malities in the hepatic lipid metabolism, including enhanced fat up‐
take and lipid synthesis, suppressed lipolysis, lipid oxidation37 and 
inhibited autophagy. The level of PPAR‐α expression, involved in the 
transcriptional control of genes encoding mitochondrial fatty acid 
beta‐oxidation enzymes,38 was not increased in the liver of OVE26 
mice. Fatty acid translocase CD36 mediates the uptake and intra‐
cellular transport of long‐chain fatty acids in diverse cell types. In a 
previous examination, hepatic CD36 up‐regulation was found to be 
significantly associated with increased fatty liver occurrence.39,40 In 

our investigation, CD36 expression obviously increased in the liver 
of OVE26 mice. Based on these results, decreased lipid levels were 
only consistent with reduced lipid synthesis, indicating that the re‐
duced lipids were to be attributed to suppressed lipid synthesis.

Glycogenosis is the hepatic response to excess circulating insulin 
and glucose in children, adolescence and adults with T1D.41 Under 
unusual T1D conditions, when blood glucose is high and adminis‐
tered insulin is elevated, hepatic glycogenosis can occur resulting in 
excessive glycogen storage in the liver. It was reported that poorly 
controlled T1D patients display a marked reduction in hepatic glyco‐
gen synthesis, in the absence of elevated insulin level.42

Insulin is considered to be the main anabolic hormone of the body, 
it regulates the metabolism of glucose and fats, and its secretion is reg‐
ulated by diet and hormones. We found big variations in insulin level of 
FVB mice especially at 12 weeks old. The secretion of insulin is affected 
by diet, blood samples in the study for assays were obtained from 
fed mice, it may be one of the reasons for big variation in FVB mice. 
12 weeks old is equivalent to late stage of puberty in mice, previous 
cross‐sectional studies show that puberty is associated with a reduction 
in insulin sensitivity, the fall in insulin sensitivity during puberty is asso‐
ciated with a compensatory increase in insulin secretion.43 Endocrine 
changes in puberty may be the reason for big variation at 12 weeks old.

The prevalence of liver disease among T1D is about 20%‐31%44‐

46 and related to poor glycaemic control, mainly presenting as in‐
creased liver enzymes and hepatomegaly. Harman DJ et al found 
that T1D was associated with a previously unrecognized burden of 
chronic liver disease.47

Autophagy is a cellular self‐protection function, it is a fundamen‐
tal cellular homeostatic mechanism,48 can contribute to cell damage 
but may also serve to protect cells.49 In a mice model with hepatic 
autophagy deficiency, the protein aggregates and subcellular organ‐
elles were massively accumulated, leading to hepatomegaly, severe 
liver injury, inflammation and fibrosis.50 In critically ill patients, be‐
cause of insufficient activation of autophagy, cellular damage accu‐
mulated in organ.51 Insufficiently activated autophagy in long‐term 
illness has shown to associate with organ failure.52 Autophagy was 
essentially involved in lipid metabolism regulation, the inhibition of 
autophagy increased the in vivo and in vitro storage of triglycerides 
in lipid droplets.53 The present study suggests that autophagy may 
be reduced in OVE26 mice liver. We assumed that reduced autoph‐
agy in OVE26 mice liver lead to clearance disorders for misfolded 
proteins and abnormal organelles, resulting in hepatomegaly and 
dysfunction, not likely due to excess glycogen or fat in the liver.44

Apoptosis is a naturally occurring cell death process, essential 
for the normal development and homeostasis of all multicellular 
organisms.54 This process is also important for removing damaged, 
infected or potentially neoplastic cells.55 However, abnormal levels 
in both directions, extremely low or high apoptotic cell death lev‐
els, can lead to adverse biological consequences such as acute liver 
failure or hepatocellular carcinoma.56 Cell death is at the centre of 
acute and chronic liver disease.57 Whether decreased liver apoptosis 
in OVE26 mice will protect the liver from diabetes damage or hinder 
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F I G U R E  6   Liver inflammation and apoptosis in OVE26 mice. A, TNF‐α protein expression was detected by Western blot. B, cleaved 
caspase‐3 protein expression was detected by Western blot. C, AIF nuclear translocation was detected by Western blot. Data were 
compared by unpaired t test, *P < 0.05 vs FVB mice in same age and gender. Data were presented as means ± SD

F I G U R E  5   Oxidative stress test showed that protein peroxidation occurred in OVE26 mice liver, and lipid peroxidative damage did not 
occur in the OVE mice liver. A, Lipid peroxidation (MDA) in the liver. B, 4‐HNE protein expression was detected by Western blot. C, Protein 
peroxidation revealed by 3‐NT protein levels detected by Western blot. Data were compared using unpaired t test, *P < 0.05 vs FVB mice in 
same age and gender. Data were presented as means ± SD
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F I G U R E  7   OVE mice showed increased antioxidative ability. A, SOD2 protein expression was detected by Western blot. B, GPX4 protein 
expression was detected by Western blot. C, HO‐1 protein expression was detected by Western blot. Data were compared by unpaired t 
test, *P < 0.05 vs FVB mice in same age and gender. Data were presented as means ± SD
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the self‐renewal of the liver will be a complex problem that requires 
more extensive future research.

It has been proved that antioxidants like HO‐1,15,58 SOD2,59 
GPX459 play an important role in protecting from diabetes oxida‐
tive damage and keeping balance between health and disease.59 
Apoptosis60 and autophagy61 are both regulated by oxidative stress. 
In the present study, we did not study the mechanisms by which T1D 
regulates autophagy and apoptosis.

5  | CONCLUSIONS

Taken together our findings indicate that poorly controlled T1D does 
not cause severe hepatitis and NAFLD regardless of sex and age. 
Reduced lipids synthesis induced by insulin deficiency explained the 
declined levels of lipids in the liver. It is our assumption that changed 
apoptosis and autophagy might not only prevent the occurrence of 
acute liver injury meanwhile suppress liver self‐renewal, leading to 
hepatic dysfunction.
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