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Abstract. The SID1 transmembrane family member 2 
(sidt2) deficient mouse model was used to investigate the 
function of sidt2 in lysosomal membrane permeabilization 
and lipid metabolism of liver tissue. The mouse model was 
established by Cre/LoxP technology. Enzymatic methods 
were used to analyze the sidt2‑/‑ mouse serum lipids, aspartate 
transaminase, alanine transaminase and serum bilirubin, 
compared with sidt2+/+ mice. Defective lipid metabolism and 
damaged liver functions were observed in the sidt2‑/‑ mice. By 
using hematoxylin and eosin and Oil Red O staining, changes 
of morphology were observed in sidt2‑/‑ mice with optical 
microscopy. Transmission electron microscopy was also 
used. Hepatic steatosis and partial liver tissue apoptosis were 
observed. The tissue distribution of sidt2 protein and mRNA 
was measured in knockout mice. The results indicated that 
negligible sidt2 mRNA and protein expression were observed 
in sidt2‑/‑ mice, and that sidt2‑/‑ mice had abnormal liver func-
tions. Transmission electron microscopy revealed membrane 
lipid droplets in the liver cell cytoplasm, and some apoptotic 
body formation. These results demonstrated that absence of 
the lysosomal membrane protein sidt2 led to changes in lyso-
somal membrane permeabilization and lipid metabolism.

Introduction

The lysosome is an important organelle in cells; it has previ-
ously been regarded as the ‘garbage disposal’ organelle in 
cells (1), as it contains >50 soluble acid hydrolases. The lyso-
some is now regarded as a key subcellular organelle (2), acting 
to degrade cellular components through initiation by phago-
cytosis, autophagy and other pathways (3). The characteristic 
acidic environment (pH 4.5‑5.0) of lysosomes provides an 

optimal environment for lysosomal hydrolase activity, and this 
contributes to macromolecular degradation (4). If the internal 
pH changes, the activity of internal hydrolytic enzymes will 
change, thus affecting the function of the lysosomes. The 
change of lysosomal function can lead to reactions inside the 
cell. The lysosomal membrane proteins that are responsible 
for sustaining membrane integrity and regulating lysosomal 
function are not completely known. As lysosomal membrane 
integrity is important for the fate of cells, once it is destroyed 
by a procedure known as lysosomal membrane permeabiliza-
tion (LMP), lysosomal content leakage will occur (5). The 
leakage of lysosomal constituents may be sufficient to trigger 
cell death (5).

SID1 transmembrane family member 2 (sidt2), a lysosomal 
membrane protein, has previously been studied (3). Sidt2 is a 
lysosomal membrane protein. In a previous study, sidt2 was 
identified as a novel integral lysosomal membrane protein 
with a molecular weight of 94 kDa (6). Sidt2 functions as an 
integral protein and is associated with signaling pathways, 
including the PTEN‑induced putative kinase and CUP‑5 
proteins that regulate lysosomal autophagy and apoptosis (3). 
The present study utilized a sidt2 deficient mouse model to 
explore the function and mechanisms of sidt2 action in liver 
lipid metabolism and changes of LMP.

Materials and methods

Animals. Cre mice mated with sidt2 LoxP‑Flox‑LoxP‑/+ mice to 
obtain sidt2‑/+Cre+/‑ mice. A total of 100 male and 200 female 
mice (age, 8‑10 weeks; weight, 25‑30 g) were purchased from 
the Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, 
China). Normal male rats can be used for breeding offspring 
after 8 weeks and females after 10 weeks. The mice were main-
tained in a controlled temperature (22‑25˚C) and humidity 
(50‑60%) with a 12 h light/dark cycle and fed a controlled 
diet and water. The animals had free access to food and water 
under basic feeding conditions. To prevent the phenotypic 
effects of Cre mice, the F2 generation of Sidt‑/+ mice was used 
to mate with wild‑type strain 129 mice (a total of 100 Cre 
mice and 100 sidt2 LoxP‑Flox‑LoxP‑/+ mice were used) and F3 
sidt2‑/+Cre‑/‑ mice were established. Through the next genera-
tion and wild‑type mice of the same strain, the Cre genotype 
was removed and the heterozygous sidt2‑/+ mice of the sidt2 
knockout were obtained. The sidt2‑/+ mice were bred with each 
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other to obtain full knockout homozygous sidt2‑/‑ mice. Adult 
F3 generation mice mated with each other to produce the 
sidt2‑/‑ mice. Anesthesia was administered in every operation 
to minimize the pain. Animal experiments were reviewed and 
approved by Animal Ethics Committee of Wannan Medical 
College (Wuhu, China).

Reverse transcription‑polymerase chain reaction (RT‑PCR) 
analysis. The mice were sacrificed and total RNA was extracted 
from tissue in the liver, stomach, spleen, heart, kidney, intes-
tine, brain, pancreas and lung, and prepared using an RNA 
extraction kit (cat. no. SK8652; Sangon Biotech Co., Ltd., 
Shanghai, China) according to the manufacturer's instructions. 
A Reverse Transcription kit was purchased from Takara 
Biotechnology Co., Ltd. (Dalian, China; cat. no. RR037A). 
The reverse transcription reaction system was made up of 1 µl 
primer and 1 µl dNTP, denaturation occurred at 65˚C for 5 min 
then the mixture was placed on ice for 5 min. A total of 2 µl 
DTT, 4 µl reverse transcription buffer and 1 µl RNAase inhib-
itor were added. The mixture was centrifuged at 10,000 x g for 
1 min at room temperature and incubated at 37˚C for 2 min. 
A total of 1 µl reverse transcriptase was added and incubated 
at 70˚C for 15 min to perform PCR amplification. The primers 
used were designed with Primer 5.0 software (Premier Biosoft 
International, Palo Alto, CA, USA) and synthesized by Sangon 
Biotech Co., Ltd. Primer sequences for sidt2 were as follows: 
Forward, 5'‑ATG​TGG​TGG​TGG​TAG​TGA​AG‑3', and reverse, 
5'‑AGA​TAC​ACC​ACC​ACC​ATC​AC‑3'. PCR was performed as 
follows: 5 min at 95˚C, followed by 34 cycles of 45 sec at 94˚C, 
45 sec at 56˚C, 1 min at 72˚C and 10 min at 72˚C.

Analysis of blood lipids, serum bilirubin, and concentration 
of H2O2, NO and iron in lysosomes. Blood was obtained via 
retro‑orbital bleeding. ELISA kits were used to measure the 
serum levels of ALT (cat. no. DL‑ALT‑Mu‑48T), HDL‑C 
(cat. no. CSB‑E12874m) and LDL‑C (cat. no. CSB‑E16561r) 
according to the manufacturer's protocol (all Beyotime Institute 
of Biotechnology, Haimen, China). Plasma total cholesterol 
(T‑CHOL; cat. no. A111‑1), triglyceride (TG; cat. no. F001; 
Nanjing Jiancheng Institute of Biological Engineering, Nanjing, 
China), serum bilirubin and serum aspartate aminotransferase 
(AST; cat. no. P3636; Beyotime Institute of Biotechnology) 
were determined by ELISA according to the manufac-
turer's protocol. H2O2 (cat. no. A007‑2), NO (cat. no. A012‑1) 
(both Nanjing Jiancheng Institute of Biological Engineering) 
and iron (Fe2+, Fe3+ and total Fe; cat. no. ab83366; Abcam, 
Cambridge, UK) levels in lysosomes were measured using 
colorimetric assay kits and an iron assay kit according to the 
manufacturer's protocol. Lysosomes were isolated from mouse 
livers as previously described (7).

Western blot analysis. To evaluate protein expression, tissues 
from the liver, stomach, spleen, heart, kidney, intestine, 
brain, pancreas and lung were homogenized in a lysis buffer 
(Beyotime Institute of Biotechnology). Homogenates were 
centrifuged at 12,000 x g at 4˚C for 10‑20 min. The protein 
concentration of the test sample was calculated using a BCA 
assay kit (Pierce; Thermo Fisher Scientific, Inc.) according 
to the manufacturer's protocol. Western blot analysis was 
performed as described previously (8). Briefly, 30 µg total 

soluble proteins were separated on 12.5% SDS‑PAGE and 
transferred onto polyvinylidene fluoride membranes. The 
membranes were blocked with 5% skimmed milk at room 
temperature for 90 min. Membranes were incubated with 
rabbit anti‑sidt2 specific antibodies (1:1,000; SAB1304608; 
Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany) at 4˚C 
overnight and then with horseradish peroxidase‑conjugated 
goat anti‑rabbit secondary antibodies (1:3,000; A0208; 
Beyotime Institute of Biotechnology) at room temperature 
for 1  h. Antibodies specific to β‑actin (1:5,000; A5441; 
Sigma‑Aldrich; Merck KGaA) served as an internal control. 
The target proteins were visualized using an enhanced chemi-
luminescence Western Blotting Substrate (32106; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA). ImageJ 1.48u 
software (National Institutes of Health, Bethesda, MD, USA) 
was used for densitometry analysis.

Histological studies. Liver tissue samples were stored in liquid 
nitrogen. The sections were fixed with formaldehyde‑calcium 
for 10 min at 4˚C and cryostat sectioned at a thickness of 
10 µm onto poly‑L‑lysine slides for lipid deposition analyses 
using Oil Red O staining. The frozen sections were rewarmed 
and dried for 10 min and incubated with 100% isopropanol for 
5 min, then incubated with 0.5% oil red O solution for 7‑8 min 
at 60˚C. Additional sections were stained with hematoxylin 
and eosin (H&E) for 5 min at room temperature and examined 
by light microscopy at magnification, x200.

Transmission electron microscopy (TEM). Liver tissue samples 
were fixed in 2.5% glutaraldehyde for 2 h at 4˚C, treated with 
1% osmium tetroxide, dehydrated and embedded in Durcupan 
(Sigma‑Aldrich; Merck KGaA) for 48 h at 60˚C, then sectioned 
(60 nm). The sections were stained with dioxygen staining for 
20 min and lead citrate for 7 min at room temperature, then 
mounted on Gu‑grids and examined by electron microscopy 
(EM‑1200EX; JEOL, Ltd., Tokyo, Japan; magnification, 
x12,000).

Statistical analyses. All data are expressed as the 
mean  ±  standard error of the mean. One‑way analysis of 
variance followed by Tukey's post hoc test was used for 
comparisons among multiple groups. The comparison between 
two groups of data was performed using the Student's t‑test 
for pairwise comparison. P<0.05 was considered to indicate 
a statistically significant difference. SPSS 16.0 (SPSS, Inc., 
Chicago, IL, USA) was used to perform analysis.

Results

Tissue distribution of sidt2 protein and production of sidt2 
knockout mice. In the brain, intestinal, and lung tissues the 
expression levels are lower, with the lowest expression observed 
in the heart (Fig. 1A and B). Sidt2 gene whole body knockout 
mice (sidt2‑/‑) were generated using the Cre/LoxP system. The 
mRNA and protein expression levels of sidt2 were examined 
using RT‑PCR and western blotting, respectively. The results 
indicated that negligible sidt2 mRNA and protein expressions 
were observed in sidt2‑/‑ mice (Fig. 1C and D). To identify 
RNA‑level knockout mice, cDNA was obtained via RT‑PCR 
by extracting RNA from sidt2+/‑ and sidt2‑/‑ mouse liver tissues 
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and using this as a template. The identification of the reaction 
system was performed via PCR. Primers were designed with 
sidt2 gene exon 2 as a template. The PCR product was 250 bp 
in length. Sidt2+/+ mice yielded products 250 bp in size. The 
sidt2 knockout homozygous mouse were not able to amplify 
the product, as indicated in Fig. 1C.

Changes of serum biochemical parameters in sidt2‑/‑ mice. 
Measurements of sidt2‑/‑ mouse serum AST, alanine transami-
nase (ALT), T‑CHOL, TG, high density lipoprotein cholesterol 
(HDL‑C), low density lipoprotein cholesterol (LDL‑C), total 
bilirubin (T‑Bil), indirect bilirubin (I‑Bil) and direct bilirubin 
(D‑Bil) were performed. The levels of sidt2‑/‑ mouse serum 
AST, ALT, T‑CHOL, TG, LDL‑C, T‑Bil, I‑Bil and D‑Bil 
were significantly higher than those of sidt2+/+ mice (Fig. 2). 
However, the serum HDL‑C in the sidt2‑/‑ mouse group was 
significantly lower compared with the sidt2+/+ control group 
(Fig. 2E). Serum TG, T‑CHOL, HDL‑C and LDL‑C levels 
reflect the status of lipid metabolism in the body. Compared 
with sidt2+/+ mice, the serum TG, T‑CHOL and HDL‑C levels 
were increased in the sidt2‑/‑ mice, whereas LDL‑C was 
decreased, thus indicating lipid metabolic disorder. The serum 
T‑Bil, D‑Bil, I‑Bil, AST and ALT levels were higher in the 
sidt2‑/‑ mice, and were indicators of hepatic cell function. By 
measuring the levels of these serum components in the mice, 
it was demonstrated that the sidt2‑/‑ mice had abnormal liver 
functions.

Morphological changes of the liver in sidt2‑/‑ mice. The 
colors of sidt2+/+ mouse livers were pink, whereas in sidt2‑/‑ 
mice the livers were more yellow and appeared fatty. Sidt2+/+ 
mouse livers appeared uniformly soft, but sidt2‑/‑ mouse 

livers were not. The envelopes were tight and smooth, and 
the edges of the liver appeared dull (Fig. 3A and B). There 
was no marked difference in liver volume of the sidt2‑/‑ mice 
compared with the sidt2+/+ mice. The morphologies of sidt2+/+ 
and sidt2‑/‑ mice liver frozen sections stained with H&E and 
Oil Red O were observed via optical microscopy. sidt2+/+ liver 
cells were polygonal in shape, nuclei were large and round, 
and were located in the middle of the cell, and the cytoplasm 
was eosinophilic, with basophilic briquettes distributed in the 
cytoplasm. The sidt2‑/‑ mouse liver samples exhibited large 
fatty drops in the cytoplasm of the hepatocytes, abutting the 
nucleus and the borders of the cytoplasm towards the cell 
membrane. Liver cell swelling and cytoplasmic loss was also 
observed. The cytoplasm appeared transparent and blebs were 
noted. Occasionally, the cell volume appeared smaller and 
dehydrated, with strong eosinophilic deep red staining around 
necrotic bodies known as Mallory bodies (Fig. 3C and D). The 
morphology of livers in the sidt2+/+ mice were also observed 
via optical microscopy and Oil Red O staining, and no lipid 
droplet deposition was observed. However in the sidt2‑/‑ mice, 
many large lipid droplets were observed (Fig. 3E and F). TEM 
observations indicated liver steatosis (Fig. 3G), as revealed by 
membrane lipid droplets in the cell liver cytoplasm, and some 
apoptotic body formation (Fig. 3H).

Mitochondrial damage and LMP‑related indices in sidt2‑/‑ mice. 
Mitochondria are enclosed by two membranes; a smooth outer 
membrane and an inner membrane that is folded into an array 
of contiguous layers, which are known as cristae. Sidt2‑/‑ mouse 
liver samples were observed with TEM and demonstrated 
to have mitochondrial edema, eventually destroying the 
mitochondrial integrity (Fig. 4A and B). The Fe2+ levels in 

Figure 1. The tissue distribution of sidt2 protein in sidt2 knockout mice. (A and B) Analysis of tissue distribution of sidt2 protein by western blotting. The 
(C) mRNA and (D) protein expression levels of sidt2 were examined via reverse transcription and western blotting, respectively. Sidt2, SID1 transmembrane 
family member 2. Data are presented as the mean ± standard error of the mean (n=8).
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the sidt2‑/‑ mouse livers were increased and the Fe3+ levels 
were decreased when compared with the sidt2+/+ mouse livers 
(Fig. 4C). However, the total Fe levels were not significantly 
different in the two groups. Hydrogen peroxide (H2O2) and 
NO typically originate from the mitochondria. Because of 
this mitochondrial damage, H2O2 and NO levels were detected 
in liver tissue homogenates, and observed that they increased 
significantly compared with the levels in sidt2+/+ mice (Fig. 4D).

Discussion

In the present study, the changes of serum basal levels of 
T‑CHOL, TG, LDL‑C and HDL‑C were investigated in 

6‑month‑old male sidt2‑/‑ mice maintained on a normal diet. It 
was demonstrated that sidt2‑/‑ serum T‑CHOL, TG and LDL‑C 
levels were increased significantly compared with sidt2+/+ mice, 
but serum HDL‑C was decreased. This was demonstrated 
as a spontaneous disorder of lipid metabolism. However, in 
sidt2‑/‑ mice, serum AST, ALT, T‑Bil, D‑Bil and I‑Bil increased 
compared with those of sidt2+/+ mice, suggesting that the 
sidt2‑/‑ mice not only had a disorder of lipid metabolism, but 
that liver function was also impaired.

Light microscopy of sidt2‑/‑ mouse liver sections observed 
following H&E staining demonstrated that numerous lipid 
droplets accumulated in liver cells. The liver cells were round 
and swollen and Mallory bodies, a sign of liver cell necrosis, 

Figure 2. Changes of serum biochemical parameters in sidt2‑/‑ mice. (A) T‑CHOL, (B) TG, (C) AST, (D) ALT, (E) HDL‑C, (F) LDL‑C, (G) T‑BIL, (H) I‑BIL 
and (I) D‑BIL concentrations were analyzed by enzymatic methods. Data are expressed as the mean ± standard error of the mean (n=8). **P<0.01 vs. sidt2+/+. 
Sidt2, SID1 transmembrane family member 2; T‑CHOL, total cholesterol; TG, total triglycerides; AST, aspartate transaminase; ALT, alanine transaminase; 
HDL‑C, high density lipoprotein cholesterol; LDL‑C, low density lipoprotein cholesterol; T‑BIL, total bilirubin; I‑BIL, indirect bilirubin; D‑BIL, direct 
bilirubin.
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were observed. Oil Red O staining and light microscopy 
revealed numerous large lipid droplets, suggesting that patho-
logical changes had occurred in the livers of the sidt2‑/‑ mice, 
and that liver function was impaired and was accompanied by 
necrosis. Using TEM of sidt2‑/‑ liver sections, mitochondria 
edema was observed, and mitochondrial cristae were separated 
from the mitochondrial matrix and exhibited vacuole‑like 
changes.

Mitochondrial cristae act as folding units to create the 
mitochondrial matrix, lying inside of the inner membrane, 
and an outer compartment known as the intermembrane 
space, which lies between the mitochondrial membranes. 
Mitochondria are important subcellular organelles involved in 
lipid metabolism (9). The free fatty acids for β‑oxidation that 
occur in the mitochondria of liver cells may be decreased from 
swelling or vacuole‑like changes to the liver cell mitochondria 

of sidt2‑/‑ mice. Free fatty acids will then accumulate to form 
lipid droplets, eventually causing apoptosis, fatty liver disease, 
and permanent damage to the liver (10).

Under normal physiological conditions, the lysosome uses 
many proteins for endocytosis (11) and autophagy (12). These 
proteins bind to redox‑reactive iron (Fe2+) leading to a concen-
tration decrease of Fe2+ in the lysosome, thereby stabilizing 
the lysosomal membrane (13). Normally, the lysosome is not 
sensitive to oxidative stress. However, in the present study, it 
was demonstrated that in sidt2‑/‑ mouse liver tissues and in 
liver cell lysosomes the redox‑reactive iron (Fe2+) increased. 
Increased Fe2+ can change H2O2 to hydroxyl radicals via the 
Fenton reaction (14). Hydroxyl radicals attack the lysosomal 
membrane, making it more sensitive to oxidative stress (15). 
If oxidative stress occurs in the cell, the resulting lysosomal 
membrane instability may lead to lysosomal membrane 

Figure 3. Morphological changes of the liver in sidt2+/+ and sidt2‑/‑ mice. General morphology of (A) sidt2+/+ and (B) sidt2‑/‑ mice liver samples. Hematoxylin and 
eosin staining of (C) sidt2+/+ and (D) sidt2‑/‑ mice liver samples. Oil Red O staining of (E) sidt2+/+ and (F) sidt2‑/‑ mice liver samples. Ultrastructure of (G) sidt2+/+ 
and (H) sidt2‑/‑ mice liver samples by transmission electron microscopy. Sidt2, SID1 transmembrane family member 2.
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peroxidation  (16). Due to the damaged mitochondria in 
sidt2‑/‑ mice liver cells, the resulting abnormal release of H2O2 
and NO even at low concentrations would induce LMP (17) 
once they diffused into the cytoplasm and directly damaged 
the lysosome membranes. Hydroxyl radicals attack the lyso-
somal membrane, destroy its integrity, and lead to lysosomal 
membrane disintegration through LMP (18). The lysosome 
contains >50 soluble acid hydrolases, and when its membrane 
collapses the lysosomal contents leak. The leakage of lyso-
somal constituents is suggested to be sufficient to trigger 
other organelle damage, particularly the mitochondria (19). 
Mitochondrial damage may also cause the release of H2O2 (18), 
which, in turn, destroys the lysosome membrane (10), and leads 
to cell death in a caspase‑dependent or independent manner. 
These changes lead to liver cell apoptosis and functional liver 
disorders.

It has previously been demonstrated that sidt2 is a novel 
lysosomal membrane protein (3). It was demonstrated in the 
present study that when this protein is deleted LMP occurs, 
thus confirming that sidt2 is a key protein in the LMP response. 
However, the specific mechanism whereby sidt2 causes 
LMP is unclear, and requires further study. The changes of 
liver function and lipid metabolism can be observed under 
a normal diet. To better understand the role of sidt2, sidt2 

deficiency mice can be challenged by HFD, or MCD. The use 
of a normal diet is a limitation of the present study, and future 
studies should make use of a high‑fat diet to observe changes 
in liver function. The results of the present study revealed 
that sidt2 knockout mice exhibit pathological and metabolic 
changes, which provides an important theoretical basis for 
further study and a basis for the understanding of lysosomes 
and disease.
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