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Abstract
Background The glucose transporter 2 (GLUT2) is constitutively expressed in pancreatic beta cells and hepatocytes 
of mice. It is the most important receptor in glucose-stimulated insulin release and hepatic glucose transport. 
The Sema4D is a signalin receptor on cell membranes. The correlation between Sema4D and GLUT2 has not been 
reported previously. We investigated whether knockdown of Sema4D could exert a hypoglycemic effect based on the 
increased GLUT2 expression in Sema4D -/- mice hepatocytes.

Methods The glucose tolerance test and insulin tolerance test in sema4D -/- and sema4D +/+ mice were compared 
before and after streptozotocin (STZ) injection; the expression of GLUT2 content on the membrane surface of both 
groups was verified by Western blot. Then, the levels of insulin and C-peptide in the serum of the two groups of mice 
after STZ injection were measured by ELISA; the differentially expressed mRNAs in the liver of the two groups of mice 
were analyzed by transcriptomic analysis; then the differences in the expression of GLUT2, glycogen, insulin and 
glucagon in the two groups of mice were compared by tissue section staining. Finally, metabolomics analysis was 
performed to analyze the metabolites differentially expressed in the two groups of mice.

Key findings First, Sema4D -/- male mice exhibited significantly greater glucose tolerance than wild-type mice in 
a hyperglycemic environment. Secondly, Sema4D -/- mice had more retained GLUT2 in liver membranes after STZ 
injection according to an immunofluorescence assay. After STZ injection, Sema4D -/- male mice did not exhibit 
fasting hyperinsulinemia like wild-type mice. Finally, analysis of metabolomic and immunohistochemical data also 
revealed that Sema4D -/- mice produce hypoglycemic effects by enhancing the pentose phosphate pathway, but not 
glycogen synthesis.

Conclusions Thus, Sema4D may play an important role in the regulation of glucose homeostasis by affecting GLUT2 
synthesis.
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Introduction
Type 2 diabetes mellitus (T2D) is a global chronic met-
abolic disease characterized by persistent elevation of 
blood glucose. As of 2017, there were 425 million people 
with diabetes worldwide, 90% of whom had T2D and by 
2045 this number is estimated to reach 629 million [1]. As 
a result a large number of treatment options for diabetes 
have been introduced, such as pharmacotherapy, insulin, 
and insulin analogs, surgical and nutritional therapy, diet 
management and exercise for weight loss [2]. However, 
the treatment of diabetes remains very complex and long 
and comprehensive and new therapeutic modalities and 
drugs are still being discovered.

The GLUT2 transmembrane carrier protein is the 
major glucose transporter isoform in pancreatic β-cells, 
liver, kidney, and small intestine, and regulates the sen-
sitivity of pancreatic β-cells and hepatocytes to glucose 
[3]. It has been shown that increased GLUT2 expres-
sion in rat pancreatic β-cells increases hepatic glycogen 
synthesis thereby reducing blood glucose levels [4]. By 
increasing the expression of GLUT2 in pancreatic β-cells 
of DB/DB mouse, insulin resistance was shown to be 
improved resulting in lower blood glucose levels [5]. Pan-
creatic β-cells sense blood glucose concentration through 
GLUT2 and thus regulate glucose homeostasis [6]. 
Metabolites of some drugs can increase GLUT2 expres-
sion in insulin-resistant hepatocytes and inhibit gluco-
neogenesis, thereby lowering blood glucose [7]. Mice 
lacking GLUT2 expression do not survive into adulthood, 
while mutations in the glucose transporter protein 2 gene 
(GLUT2) in young children, known as the Fanconi-Bickel 
syndrome, is characterized by a reversible hyperglycemic 
state in infancy and the accumulation of renal glycogen 
[8]. Mutations in the SLC2A2 gene that encodes GLUT2 
are associated with the transition from impaired glucose 
tolerance to T2D and increase the risk of developing dia-
betes [9]. Polymorphisms in SLC2A2 encode the glucose 
transporter GLUT2 and are important determinants of 
the response to metformin [10]. All the above evidence 
emphasizes the important role of GLUT2 in the regula-
tion of glucose metabolism homeostasis.

Semaphorin 4D or Cluster of Differentiation 100 
(Sema4D/CD100) is a homodimeric protein that belongs 
to the signaling protein family of axon guidance proteins. 
Members of this signaling protein family have received 
increasing attention in recent years due to their multiple 
functions in the immune system. Sema4D was the first 
signaling protein described to have an immune func-
tion and plays an important role in T cell initiation, anti-
body production, and intercellular adhesion. Sema4D is 
induced by hypoxia in a HIF-1-dependent manner and 
acts on endothelial cells via clumping protein B1, which 
has been shown to promote angiogenesis and enhance 
aggressive growth and proliferation in certain tumors 

[11]. Sema4D also accelerates wound healing in diabetic 
mice by promoting wound angiogenesis and reducing 
the inflammatory response [12]. In turn, inhibition of the 
Sema4D/PlexinB1 signaling pathway attenuates vascular 
dysfunction in diabetic retinopathy [13]. However, no 
relationship between Sema4D and glucose regulation has 
been reported and we showed accidentally during a study 
to establish a Sema4D -/- mice model of diabetes using 
mice islet transplantation and STZ that these mice had 
increased GLUT2 expression in hepatocytes and pancre-
atic β-cells compared to that observed in wild-type mice. 
Based on this phenomenon, we investigated the effect of 
knockdown of Sema4D on blood glucose regulation.

Materials and methods
Animals
Sema4D -/- mice were purchased from Cyagen 
(Suzhou, China), while the Sema4D knockout mice 
model (C57BL/6) was created by CRISPR/Cas9-medi-
ated genome engineering. The Sema4D gene (NCBI 
reference sequence: NM_013660; Ensembl: ENS-
MUSG00000021451) is located on mice chromosome 
13. Sixteen exons have been identified, with the ATG 
start codon in exon 3 and the TGA stop codon in exon 
16 (transcript, ENSMUST00000021900). Exons 5 ~ 7 
were selected as the target sites. cas9 and gRNA were 
co-injected into fertilized eggs for production of the 
KO mice model. The pups were genotyped by PCR and 
sequencing analysis. Exon 5 starts at approximately 
9.79% of the coding region, while exons 5 to 7 account for 
9.91% of the coding region. The size of the effective KO 
region was ~ 7587 bp. The KO region does not have any 
other known genes. The C57BL/6 mice were purchased 
from Chengdu Pharmacies Biotechnology Co (Chengdu, 
China). After breeding Sema4D knockout mice and wild-
type mice for approximately one year, age-matched mice 
were selected for experimentation. The diabetes model 
was constructed by intraperitoneal injection of 100 mg/
kg of STZ in mice after 8–12  h of fasting. Mice were 
housed in a specific pathogen free facility and were pro-
vided with adequate water and food. All procedures were 
approved by the Animal Care and Use Committee of the 
Animal Research Institute of the Sichuan Provincial Peo-
ple’s Hospital on March 1, 2017 under the ethical number 
65 of 2017 Ethics (Research).

Genotype identification
A 100 µL aliquot of digestion buffer (10503027, Invi-
trogen, Californian, USA) per toe (2–5  mm) was added 
to a microcentrifuge tube, being careful not to cut too 
many toes. The tubes were incubated at 56 °C overnight, 
followed by incubation with proteinase K at 98  °C for 
13 min to denature the protein. The tube was then spun 
at maximum speed for 15 min in a microcentrifuge. PCR 
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was performed using a small amount of supernatant (1 
µL, 12.5 µL reaction) taken directly from the tubes. The 
final concentration of the toe digestion buffer was 50 mM 
KCl, 10 mM Tris-HCl (pH 9.0), 0.1% TritonX-100, and 
0.4 mg/mL proteinase K.

The reaction system contained 1µL of upstream and 
downstream primers, 20.5 µL of Gold MIX enzyme, and 
2.5  µl of DNA. The amplification conditions were set 
according to the Gold MIX enzyme product instructions, 
with the amplification products finally electrophoresed in 
1-3% agarose gel and analyzed to determine the genotype 
(Fig. S1).

PCR Screening.
Primers 1: (Annealing temperature 60.0ºC)
F1: 5’- C T G T T C T T G G C C C T G G T G G T A G T G-3’.
R1: 5’- T A G A A G T G A G A C C T A C C G T G A A A G C G-3’.
Product size: 538 bp.
Primers 2: (Annealing temperature 60.0ºC)
F3: 5’- G T C A C A G A G T C A G G G A C C T T G G A A G-3’.
R3: 5’- C T C A T G G G T G T C T C T C C A G G T G G-3’.
Product size: 352 bp.
Homozygotes: one band with 538 bp.
Heterozygotes: three bands with 538 bp and 352 bp.
Wildtype allele: two bands with 352 bp.

Enzyme-linked immunosorbent assay (ELISA)
The mice insulin (INS) kit and mice C-peptide (C-P) kit 
(Ruixinbio, Quanzhou, China) were used to perform 
double antibody sandwich enzyme-linked immunosor-
bent assays. After warming and sufficient washing, the 
unbound components were removed and a solid phase 
antibody-antigen-enzymatic antibody sandwich complex 
formed on the solid phase surface of the microtiter plate. 
Substrates A (0.01% hydrogen peroxide) and B (0.1% 
TMB) were added and the substrate catalyzed by HRP 
to produce a blue product, which was finally converted 
to yellow in the presence of the terminating solution 
(2 M sulfuric acid). The absorbance (OD) was measured 
at 450  nm wavelength using an enzyme marker (Rayto, 
RT-6100). The OD correlated positively with the concen-
tration of the detectors in the samples to be tested. The 
concentration of the standard was used as the horizontal 
coordinate (6 standard wells, plus 1 0-value well, totaling 
7 concentration points), and the corresponding OD value 
used as the vertical coordinate. Using computer software, 
a four-parameter logistic curve fit (4-pl) was used to cre-
ate a standard curve that allowed the concentration value 
of the sample to be calculated from its OD. The calibra-
tion product dose response curve correlation coefficient, 
r value, was ≥ 0.9900. The mice INS kit was calibrated at 
40, 20, 10, 5, 2.5, and 1.25 mIU/L. The calibrator concen-
trations of the mice C-P kit were 12, 6, 3, 1.5, 0.75, and 
0.375 ng/mL.

Immunoblotting
The harvested mice liver tissues were lysed with 200 µL 
of P0013B RIPA strong lysis buffer (Beyotime, Shang-
hai, China) and PMSF then added within minutes to 
make a final concentration of 1 mM PMSF, followed by 
homogenization using a glass homogenizer (YJQ0928Q) 
Q. After sufficient lysis, the tissues were centrifuged 
at 10,000–14,000  g for 3–4  min and the supernatant 
removed for the BCA protein concentration assay. The 
protein concentration in the cell lysate was determined 
using the BCA protein assay kit (Therm Scientific, Cali-
fornian, USA). A 1/4 volume of 5* SDS-PAGE protein 
loading buffer (P1040 Solarbio) was added to the protein 
samples followed by incubation in a metal bath at 100 °C 
for 10 min.

The prepared protein samples were then separated on 
SDS-PAGE gels and transferred to PVDF membranes. 
The PVDF membranes with the target proteins were 
closed with protein-free fast closing solution (Yarase, 
Shanghai, China) for 15–20 min followed by incubation 
overnight at 4  °C in 5% BSA containing glucose trans-
porter GLUT2 antibody (C-10) (sc-518022 SantaCruz) 
or GAPDH mice mAb (HRP conjugate ZENBIO)/anti-
CD100 (C-3) HRP (SC-390675HRP, SantaCruz, Cali-
fornian, USA) and further incubation for 1  h at room 
temperature. The overnight incubated primary antibody 
was washed five times with TBST and then incubated 
with horseradish peroxidase-conjugated secondary anti-
body for 2 h at room temperature. After washing the anti-
body-incubated PVDF membrane three times with TBST 
(BL608A, Biosharp, Guangzhou, China), the membrane 
was incubated in a dark chamber with ECL luminescent 
solution (Millipore) for 1–3 min, and the protein bands 
visualized with the Invitrogen ibright intelligent imaging 
system (GoldBand 3-color regular range protein marker 
(10–180 kDa) (20351ES76, YEASEN, Shanghai, China).

Real time RT-PCR
The total RNA was extracted from mice liver tissue with 
TRIzol reagent (Invitrogen, Californian, USA) according 
to standard procedures. 1 µg of total RNA was used for 
the reverse transcription reaction, while the SYBR green 
pro taq HS premix qPCR Kit (AG11701 Accurate Biology, 
Changsha, China) and the Evo M-MIV reverse transcrip-
tion premix kit (AG11728 Accurate Biology, China) was 
used for the real-time qPCR assays. The mRNA expres-
sion levels were detected by the CFX Manager system 
(BioRad, Californian, USA).

GLUT2-F  A C C G G G A T G A T T G G C A T G T T.
GLUT2-R  G G A C C T G G C C C A A T C T C A A A.
Sema4D-F  A C T A C T C G G C C T T G C T G A T G.
Sema4D-R  A G G C A T T C C G T C T G C T T T G A.
MUP1-F  G G G G A A A C C T T C C A G C T G A T.
MUP1-R  G C A G C G A T T G G C A T T G G A T A G.
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MUP8-F  A C C C T A G T G T G T G T C C A T G C.
MUP8-R  A A G G A A T T C T C C A A G A C A C G G A.
MUP9-F  T C C A A G A C A T G G A T T T G C T C C A.
MUP9-R  G T A A G A G A T G A A G A G T G C T C C G A.
MUP12-F  T G G G A C T G A C C C T A G T G T G T.
MUP12-R  T C C A A G A C A T G G A T T T G C T C C A.
GAPDH-F  A T G A T T C C A C C C A T G G C A A A T T C.
GAPDH-R  G A C T C C A C G A C G T A C T C A G C.

HE and PAS staining
After euthanizing the donor mice, liver and pancreatic 
tissues were collected and fixed in 4% paraformaldehyde. 
Following dehydration using an automated dehydration 
machine, the tissues were embedded in paraffin for sub-
sequent sectioning and analysis.

HE stains: hematoxylin staining for 10–20  min; tap 
water rinse for 1–3 min; hydrochloric acid alcohol frac-
tionation for 5–10 s; tap water rinse for 1–3 min; placed 
into warm water at 50 °C or weak alkaline aqueous solu-
tion until a blue color appeared; tap water rinse for 
1–3 min; and placed into 85% alcohol for 3–5 min. Eosin 
staining 3–5 min; water washing 3–5 s; gradient alcohol 
dehydration; xylene transparent; neutral gum sealing.

PAS stains: Tissue section were placed into periodate 
solution, oxidation for 5 min; placed into Schiff’s reagent 
and dip staining for 10–20  min; Schiff’s reagent poured 
off, rinsed with running water for 10  min; placed into 
hematoxylin staining solution for 1–2 min to stain nuclei; 
differentiated with hydrochloric acid differentiation solu-
tion for 2–5 s; washed with water; returned to blue with 
Scott’s blueing solution; washed with water for 3  min; 
grade by grade conventional ethanol dehydration, xylene 
transparent, and neutral gum sealing. The specimens 
were then subjected to pathological examination using 
standard operating procedures (SOP) that included dehy-
dration, trimming, embedding, sectioning, staining, seal-
ing, and finally microscopic examination.

HE staining was performed using a Panoramic 250 
digital section scanner manufactured by 3DHISTECH 
(Budapest, Hungary) to acquire images of the sections, 
with each section first examined at 40x to observe the 
general lesions, followed by acquisition of 100x and 
400x images to observe the specific lesions. The positive 
expression area (area) within the acquired images was 
determined using the Image-Pro Plus 6.0 image analysis 
system (Media Cybernetics, Californian, USA), with the 
percentage positive expression area calculated as: posi-
tive expression area/area of view (pixel area). SPSS23.0 
statistical analysis software was used to perform indepen-
dent-sample t-tests on the data, with the data expressed 
as mean ± standard deviation (mean ± SD).

Immunofluorescence
Immunofluorescence analysis was performed to evaluate 
the expression of GLUT2 in mouse liver tissues and insu-
lin and glucagon in pancreatic tissues. The tissue samples 
were fixed and embedded in paraffin for the following 
procedures. The paraffin sections were dewaxed to water; 
antigen repaired; dropwise addition of goat serum block-
ing solution; blocked at room temperature for 20  min; 
dropwise addition of glucose transporter GLUT2 anti-
body (C-10) (sc-518022 Santa Cruz, Californian, USA); 
incubation overnight at 4  °C; washed 3 times for 5  min 
each in PBS; dropwise addition of secondary anti-
body (CY3-labeled goat anti-mice) (GB21301 Service-
bio, Wuhan, China) and incubation for 30 min at 37 °C; 
washed 3 times for 5 min each in PBS; dropwise addition 
of DAPI and incubation at room temperature for 10 min; 
washed 3 times for 5 min each in PBS; and sealing of the 
slices using anti-fluorescence attenuating sealer. Each 
section was first observed at 100× and then 100× and 
400× microscopic images were acquired for a total of 3 
fields of view. The integrated density (IntDen) and area 
(area) of all the acquired images were measured using the 
Image-J image analysis system and the mean gray value 
(mean) of each image then calculated. The mean fluores-
cence intensity of each sample was calculated using the 
mean fluorescence intensity of the two images. Similarly, 
insulin and glucagon expression were detected using 
insulin antibody (ab181547 abcam), secondary antibody 
(FITC-labeled goat anti-rabbit) (GB22303 Servicebio, 
Wuhan, China), glucagon antibody (ab10988 abcam), 
and secondary antibody (CY3-labeled goat anti-mice) 
(GB21301 Servicebio).

The DAPI-stained cell nuclei were blue, GLUT2 posi-
tive expression was red, insulin expression was green, 
and glucagon expression was red.

Glucose tolerance test and insulin tolerance test (GTT and 
ITT)
Fasting blood glucose levels were measured in 7-8week-
old large Sema4D -/- mice and Sema4D +/+ mice using a 
Roche blood glucose meter (ACCU-CHEK active blood 
glucose meter). The baseline blood samples were col-
lected from the tail tip of the mice after they had fasted 
for 8–12  h without food, followed by intraperitoneal 
injection of 1 g/kg of glucose solution (A2494001. Gibco, 
Californian, USA). The blood glucose levels were mea-
sured 30, 60, and 120  min after the injection using the 
same method described above.

Fasting blood glucose levels were measured in 7- 
8week-old Sema4D -/- mice and Sema4D +/+ mice after 
4–6  h of fasting without food using a Roche blood glu-
cose meter (ACCU-CHEK active blood glucose meter). 
A 0.5 µg/kg aliquot of fast-acting insulin (Novo Nordisk, 
Copenhagen, Denmark) was injected intraperitoneally 
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and the blood glucose levels measured at 30, 60, and 
120  min after the injection using the same method as 
described above.

Biochemical testing
Aliquots of mice serum were introduced into an auto-
matic biochemical instrument(Hitachi 7180, Tokyo, 
Japan)to measure serum albumin levels using the 
ketoamine oxidase method. The detection principle 
of this assay was as follows: First, protease was used to 
degrade albumin in the serum into amino acid fragments. 
Ketoamine oxidase was then used to selectively oxidize 
fructose amino acids to generate hydrogen peroxide. 
Finally, the content of hydrogen peroxide was determined 
by Trinder’s reaction, and the content of glycosylated 
albumin in the sample calculated.

Sequencing of mRNA
Transcriptome sequencing and basic analysis were pro-
vided by Shanghai Whale Gene Technology Co. Total 
RNA was extracted from the samples using the Tianmo 
#TR205-200 kit (Santa Clara, CA, US), according to the 
standard operating procedure manual provided by the 
manufacturer. The integrity of the RNA was tested and 
checked for total RNA concentration and purity using 
a Qubit® 3.0 fluorometer (Life Technologies, CA, USA), 
while a Nanodrop One spectrophotometer (Thermo 
Fisher Scientific Inc, Californian, USA) was used to check 
the concentration and purity of total RNA. Cluster gen-
eration and hybridization of the first-order sequencing 
primers were performed on the Illumina NovaSeq 6000 
sequencer cBot according to the standard procedures in 
the cBot user’s guide. The sequencing process was fully 
controlled by Illumina’s data acquisition software, with 
the sequencing results analyzed in real time.

The sequencing raw data were saved as fastq for-
mat files (fq files), and after analysis and processing, 
the results were organized into expression values at the 
transcriptional level. The raw image data files obtained 
from high-throughput sequencing were converted to raw 
sequenced sequences by CASAVA base identification, 
with these sequence files referred to as raw reads. The 
main purpose of filtering sequences using fastp software 
was to exclude the following sequences.

1. Removal of primer splice sequences contained in the 
reads.

2. Removal of bases with a quality Q value < 20 at the 3’ 
end of the reads.

3. Removal of reads with a sequence length < 25.
4. Removal of ribosomal RNA reads of the sequencing 

target species.

Hisat2 software was used for sequence alignment. Dif-
ferential analysis of gene expression between samples/
groups was performed using the edgeR software package. 
The p-value was calculated and then the multiple hypoth-
esis test was corrected by controlling the FDR (false dis-
covery rate) to determine the p-value threshold, with the 
corrected p-value called the Q-value. Meanwhile, the 
differential expression ploidy, or ploidy change, or FC, 
was calculated on the basis of the FPKM value, which is 
usually expressed as log2(FC). Immediately after gene 
matching, the genes were annotated against the Gene 
Ontology (GO) and KEGG databases to determine gene-
related functions and the pathways involved.

Metabolomics
In this study, mouse liver samples were selected for 
metabolomic analysis. After euthanizing the donor mice 
from both groups, a portion of the liver was rapidly 
placed in liquid nitrogen to quench metabolic-related 
enzymes. The tissue was subsequently stored at -80  °C 
for further analysis. Technical services were provided by 
Suzhou Panomic Biomedical Technology Co. A Thermo 
Vanquish (Thermo Fisher Scientific, USA) UPLC system 
was used with an ACQUITY UPLC® HSS T3 column 
(2.1 × 150 mm, 1.8 μm; Waters, Milford, MA, USA) with 
a flow rate of 0.25 mL/min and a column temperature of 
40oC. The data were collected in the positive and negative 
ion mode using a Thermo Orbitrap Exploris 120 mass 
spectrometer (Thermo Fisher Scientific, USA) with an 
electrospray ionization source (ESI). The raw mass spec-
trometry downstream files were converted to the mzXML 
file format using the MSConvert tool in the Proteowizard 
package (v3.0.8789). Peak detection, filtering, and align-
ment were performed using the R XCMS package to 
obtain the list of substances for quantification, with the 
parameters set to bw = 2, ppm = 15, peak width = c (5, 30), 
mzwid = 0.015, mzdiff = 0.01, and method="centWave”. 
The public databases HMDB, massbank, LipidMaps, 
mzcloud, KEGG and self-built substance libraries were 
used for substance identification with parameters set to 
< 30 ppm. Substances with a RSD > 30% in the QC sam-
ples were filtered out from the data quality control [14].

In this experiment, QC samples were used for quality 
control during the LC-MS assay. Orthogonal partial least 
squares discriminant analysis (OPLS-DA) was performed 
on the sample data using the R package Ropls to reduce 
dimensionality. The overfitting test of the model was per-
formed using the envelope test. Metabolite molecules 
were considered statistically significant when their P val-
ues were < 0.05 and VIP values > 1. Functional pathway 
enrichment and topological analysis of the screened dif-
ferential metabolite molecules were performed using the 
MetaboAnalyst software package. The enriched pathways 
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were browsed for differential metabolites and pathway 
maps using the KEGG Mapper visualization tool.

Statistical analysis
SPSS23.0 statistical analysis software was used to per-
form independent-sample T tests on the data, with the 
data expressed as mean ± standard deviation (mean ± SD). 
To verify the assumption of normal distribution, a homo-
geneity of variance test was conducted. The results indi-
cated that the variances of the two groups were unequal. 
Consequently, a one-way ANOVA was utilized to com-
pare the differences between the two groups. Two inde-
pendent samples t-test and the Kolmogorov-Smirnov 
test were used to verify whether the data had a normal 
distribution. Two-way ANOVA in the Prism 9 Program 
(Graph Pad, San Diego, CA, USA) was used for the statis-
tical analysis. p-values < 0.05 were considered to signify a 
statistically significant difference.

Results
Knockout of Sema4D increases expression of GLUT2 
protein in liver tissue
A Sema4D -/- mice model (Fig.  1A) was established by 
crisper cas9 technology, with a total of three knocked-
out exons. Protein immunoblotting showed a significant 

increase in hepatic GLUT2 protein in the knockout 
mice (Fig. 1B), which still had some amount of Sema4D 
translation. This may be because the knocked out exons 
are not sufficient to completely remove the translational 
expression of Sema4D protein. The expression of Sema4D 
visible in the knockout mice was due to part of the anti-
gen being bound by the antibody used, which was not in 
the amino acid sequence translated by the three knocked 
out exons. Therefore, some of the post-transcription 
translated protein remained bound, although there was 
significantly reduced expression. Sema4D mRNA expres-
sion was reduced significantly in the Sema4D -/- mice 
(Fig.  1C), with this difference being statistically signifi-
cant. However, GLUT2 mRNA expression in the Sema4D 
-/- mice was upregulated (Fig. 1D), although this differ-
ence was not statistically significant. This may be due to 
cascade amplification effects or epigenetic modifications 
in the transcription-to-translation process of the gene, 
which enhances the translation of GLUT2 mRNA. This 
suggests that the expression of GLUT2 protein may be 
increased during post-transcriptional translation. The 
expression of hepatic GLUT2 protein was verified by 
immunofluorescence, with hepatic GLUT2 expression 
being higher in the Sema4D -/- mice (Fig. 1E), a finding 
consistent with the results of protein immunoblotting. 

Fig. 1 Increased GLUT2 expression in Sema4D knockout mice. Schematic diagram of the Sema4D -/- mice model established by CRISPR/cas9 technology 
(A). WB validation of the expression of Sema4D protein and GLUT2 protein in Sema4D -/- mice versus Sema4D+/+ mice liver cells with GAPDH as an in-
ternal reference, n = 3 (B). RT-PCR validation of Sema4D mRNA (C) and GLUT2 mRNA (D) expression in liver tissues. The results are expressed as mean ± SD. 
Immunofluorescence comparison of GLUT2 expression on liver cell membranes in Sema4D -/- male mice versus Sema4D +/+ male mice (E). n = 3. The 
red box indicates the area magnified to 40x. The DAPI-stained nuclei are blue, while GLUT2 positive expression is red. The magnifications are 10x and 
40x.*p < 0.05, **p < 0.01
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However, due to the small sample size, the data does not 
have statistical significance (the data is not shown).

Sema4D -/- mice have increased insulin secretion through 
increased GLUT2
It has been demonstrated previously that GLUT2 is 
expressed specifically on mice liver and pancreatic β-cell 
membranes. We likewise observed increased GLUT2 
expression in Sema4D -/- mice liver with an immuno-
fluorescence technique. In addition we observed that 
Sema4D -/- mice expressed more pancreatic GLUT2 
than that of wild-type mice (Fig.  2A), seen as increased 
fluorescence intensity (Fig.  2B). GLUT2 is the most 
important glucose sensing receptor and glucose trans-
porter protein in mice pancreatic β-cells. We therefore 
measured serum insulin levels in male Sema4D -/- mice 
30  min after a 1  g/kg glucose intraperitoneal injection 
and showed a relative increase in serum insulin lev-
els (Fig.  2C). Glycogen synthesis in the liver of these 
mice was also relatively increased after an intraperito-
neal injection of 1 g/kg glucose (Fig. 2D). However, due 
to the small sample size, the data does not have statisti-
cal significance (the data is not shown). This suggests 
that Sema4D -/- mice may have some glycemic lowering 

function through the increased expression of GLUT2 in 
liver and pancreatic β-cells.

Increased expression of GLUT2 in sema4D -/- mice 
does not cause differences in glucose tolerance in the 
normoglycemic state
The IPGTT assay in Sema4D -/- mice showed no sig-
nificant difference in glucose tolerance between the 
Sema4D -/- and Sema4D +/+ mice during normoglyce-
mia (Fig.  3A). There was also no statistical difference 
when the mice were compared when grouped accord-
ing to sex (Fig.  3B, C), with no statistical difference in 
their body weight. This suggests that GLUT2 in Sema4D 
-/- mice does not have a significant hypoglycemic effect 
under normoglycemic conditions even when its levels 
are elevated. This is due to GLUT2 being a membrane 
protein involved in passive glucose transport with its 
dynamics depending on the difference in glucose concen-
tration gradients between the inside and outside of the 
cell membrane. No significant differences were observed 
in the insulin tolerance assay (Fig.  3D), and there were 
no significant differences in body weight. Even when the 
mice were grouped by sex, there was no significant dif-
ference in insulin tolerance during the normoglycemic 
state. The insulin sensitivity of Sema4D-/- male mice 

Fig. 2 Glucose-stimulated insulin secretion may be increased in Sema4D-/- mice. Immunofluorescence comparison of GLUT2 expression in pancreatic 
cells of two groups of mice (A). The DAPI-stained nuclei are blue and GLUT2 positive expression is red. The comparison of fluorescence intensity is shown 
as mean ± SD (B). The insulin content in the serum of the two groups of mice after 30 min of glucose stimulation was measured by ELISA, and the results 
expressed as mean ± SD (C). The difference in liver glycogen expression between the two groups of mice after 30 min of glucose stimulation was com-
pared by PAS staining (D). The magnifications are 10× and 40×
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appeared to be stronger than that of wild-type mice 
(Fig. 3E). We observed that the insulin tolerance data of 
Sema4D -/- female mice and wild-type mice almost over-
lapped (Fig.  3F). There may be a mechanism that can 
raise blood glucose to counteract the hypoglycemic effect 
to avoid hypoglycemia from occurring. We observed that 
the body weight of Sema4D -/- mice was not statistically 
different from that of wild-type mice. But the growth 
and development of the Sema4D -/- mice appeared to 
be slower than that of wild-type mice in the same litter 
of the same age (data not shown). This suggested that 
Sema4D may have a role in the growth and development 
rate of mice.

Sema4D -/- male mice have greater glucose tolerance in 
the hyperglycemic state
After an intraperitoneal injection of 100  mg/kg of STZ, 
random changes in blood glucose levels were observed 
at 10:00 am daily after the injection. The response in 
Sema4D -/- mice did not differ significantly from that 
observed in wild-type mice, with blood glucose increas-
ing almost simultaneously and to approximate similar 
levels (Fig.  4A). And there was no significant difference 
in the change of body weight between the two groups of 
mice (Fig. 4B). One week after the STZ injection, in STZ-
induced insulin-deficient diabetes, the blood glucose 
levels of the mice increased to a more stable level, with 
an intraperitoneal glucose tolerance test (IPGTT, 1 g/kg) 

showing no statistical difference between the Sema4D-/- 
and wild-type mice (Fig. 4C), and no difference in body 
weight (data not shown). However, comparison of the 
sex groups showed that Sema4D-/- male mice appeared 
to utilize glucose more rapidly than the wild-type mice 
(Fig.  4D). The Sema4D -/- female mice had an oppo-
site response to that of males, by appearing to exhibit a 
slower rate of glucose regulation (Fig. 4E). When an intra-
peritoneal insulin tolerance test (ITT, 0.5 U/kg) was per-
formed two weeks after the STZ injection at randomized 
glucose stabilization, no statistical differences in ITT or 
body weight were observed (data not shown). There was 
also no statistical difference when the male and female 
mice were compared separately (Fig.  4F). Although the 
Sema4D-/- male mice appeared to be more sensitive to 
insulin (Fig. 4G), whereas the Sema4D-/- female mice did 
not show any difference in insulin sensitivity from that 
measured in wild-type mice (Fig.  4H). After STZ injec-
tion, knockout mice of different sexes showed opposite 
glucose tolerance, with Sema4D -/- males having lower 
fasting glucose levels than wild-type males, while the 
opposite effect was observed in females.

Increased expression of monosaccharide transporter MUP 
occurs in the liver cytoplasm of Sema4D-/- mice
Heat map clustering analysis of genes with statistically 
different transcript expression showed that expression 
of the MUP family was upregulated, while the expression 

Fig. 3 There were no differences in the glucose and insulin tolerance tests between the Sema4D-/- mice and wild-type mice. The glucose tolerance test 
was performed using 2 g/kg of glucose after 12–16 h of fasting without water in both groups of mice. KO group (n = 14) and WT group (n = 17) (A). The 
differences in glucose tolerance test data and body weight between the two groups were compared by gender grouping. Male KO group (n = 7) and 
male WT group (n = 8) (B). Female KO group (n = 7) and female WT group (n = 9) (C). The insulin tolerance test was performed in both groups of mice 
using 1 U/kg insulin after 4–6 h of fasting without water (D). Differences in the insulin tolerance test data and body weight between the two groups were 
compared by gender grouping. Male KO group (n = 7) and male WT group (n = 8) (E). Female KO group (n = 7), female WT group (n = 9) (F). The results are 
expressed as mean ± SD
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of heavy and light chain antibody families were mostly 
downregulated (Fig.  5A). According to GO annotation, 
the MUP family is an important glucose transporter in 
the cytoplasm positively regulated by glucose-stimulated 
insulin release. It is also involved in positive regulation of 
glycogen synthesis and glucose input and regulation of 
cellular responses to glucose, in conjunction to playing an 
important role in the regulation of glucose homeostasis. 
Real-time fluorescence quantitative nucleic acid ampli-
fication also verified the corresponding mRNAs with 
up-regulated expression in the heat map (Fig. 5B). In the 
KEGG clustering analysis, endocrine and digestive path-
ways were found to be upregulated, with increased nucle-
otide and lipid metabolism (Fig. 5C). A bubble map of the 
top 30 differentially expressed GO enrichment analysis 
showed a decrease in B cell-mediated immune responses 
involving antibodies (Fig. 5D), while a bubble map of the 
top 30 KEGG enrichment analysis pathways showed an 
increase in nucleotide synthesis pathways (Fig.  5E). The 
increase in MUP, which plays a role in the maintenance of 
glucose homeostasis, suggests that in Sema4D-/- mice a 
hypoglycemic effect may be caused by increasing hepatic 
MUP expression in combination with increased GLUT2 

protein on the cell membrane surface, thereby increasing 
glucose transport and utilization.

STZ-induced cell apoptosis was not enhanced by increased 
GLUT2 expression in Sema4D -/- male mice
STZ caused apoptosis through DNA alkylation by enter-
ing the cells via GLUT2. Although islet β-cell membrane 
GLUT2 expression was increased in the Sema4D -/- 
mice. However, it is possible that 100 mg/kg of STZ did 
not exceed the transport capacity of GLUT2 protein in 
the cell membrane of wild-type mice. Accordingly, no sig-
nificant difference was seen in the damage to pancreatic 
cells caused by STZ, and despite increased expression of 
transport protein in Sema4D -/- mice, insulin expression 
was still observed (Fig.  6A). There was also no statisti-
cal difference between the two groups in the comparison 
of mean fluorescence expression of insulin (Fig. 6B) and 
glucagon (Fig.  6C). Hepatocytes were seen to have dif-
ferent degrees of vacuolar degeneration, with the cyto-
plasm of degenerated cells containing more vacuoles of 
different sizes, and the nucleus hanging in the center or 
on one side. In addition, some hepatocytes were swollen 
with a small number of localized hepatocytes displaying 

Fig. 4 The glucose tolerance of Sema4D-/- male mice was significantly better than that of wild-type male mice. The two groups of mice were observed 
continuously for changes in random blood glucose and body weight at 10:00 am after treatment with a single intraperitoneal injection of 100 mg/kg 
of STZ in the KO group (n = 13) and WT group (n = 15) (A). After the random blood glucose became more stable, the mice in both groups were fasted 
without drinking for 8–12 h and a glucose tolerance test was then performed using 1 g/kg of glucose (B). The comparison of the glucose tolerance test 
data and body weight difference was performed by gender grouping, male KO group (n = 6) and male WT group (n = 8) (C), female KO group (n = 7), and 
female WT group (n = 7) (D). The mice in both groups were fasted without drinking for 4–6 h and an insulin tolerance test was performed using 0.5 U/kg 
of insulin (E). Comparison of the insulin tolerance test data and difference in body weight was performed by gender grouping (F) (G). All the experimental 
data were expressed as mean ± SD
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punctate necrosis, cytoplasmic lysis of necrotic cells, 
nucleus consolidation, and disintegration. A small num-
ber of infiltrating inflammatory cells and neutrophils 
with lobulated or rod-shaped nuclei were also observed 
(Fig. 6D). A small number of islet cells were degenerated 
and necrotic, with the necrotic cells being swollen with 
a blurred structure, cytoplasmic vacuolization, and cyto-
solic consolidation or lysis (Fig. 6E). No significant differ-
ences in liver inflammation or islet cell destruction were 
seen between the two groups.

Although hepatic glycogen expression was higher 
in the STZ-injected mice than in the normoglycemic 
state, there was no statistical difference between the two 
groups (Fig. 6F). This suggests that in the hyperglycemic 
state, both groups passively receive more glucose input 
and glycogen synthesis to lower blood glucose. There 
was almost no significant change in glycogen synthesis 
in muscle compared to that seen normally (Fig. 6G), and 
there was no statistically significant difference between 
the two groups. This may be related to the fact that mus-
cle glycogen synthesis is not involved in the regulation 
of blood glucose, but only to energy expenditure of the 
muscle itself, and therefore muscle glycogen expression 
remained lower. The expression of GLUT2 and GLUT2 
mRNA on the cell membrane surface decreased after 
the STZ injection, a change which has been reported in 
previous literature. However, the Sema4D -/- mice still 

retained GLUT2 expression to a greater extent than that 
observed in the wild-type mice (Fig. 6H), with this differ-
ence being significantly different. This may be the basis of 
the vector that Sema4D -/- male mice can utilize blood 
glucose faster than wild-type mice.

Sema4D -/- male mice have attenuated insulin resistance in 
the early hyperglycemic state
After the STZ injection, the mice showed reduced levels 
of serum insulin compared to that measured before the 
injection (data not shown). The chronological appear-
ance of insulin secretion in glucose-stimulated mice 
appeared normal (Fig.  7A). However, after grouping 
by sex, the Sema4D +/+ male mice showed hyperin-
sulinemia with early type 2 diabetes insulin resistance 
and lost the normal chronological appearance of insulin 
secretion observed in glucose-stimulated mice, whereas 
the Sema4D -/- male mice still showed normal glucose-
stimulated insulin secretion (Fig. 7B). In contrast, female 
mice showed exactly the opposite response (Fig. 7C). The 
levels of serum C-peptide in the mice were more consis-
tent with insulin secretion, with more C-peptide secre-
tion in Sema4D -/- mice (Fig. 7D) and significantly more 
in male Sema4D -/- mice than in wild-type mice (Fig. 7E). 
This indicated that insulin secretion was greater and nor-
mal after glucose-stimulation, while the opposite result 
was observed in the female Sema4D -/- mice (Fig.  7F). 

Fig. 5 MUP expression was increased significantly in Sema4D-/- mice. A heat map was drawn from differentially expressed genes, with each row charac-
terizing one gene and each table characterizing one sample (A). RT-PCR verified the expression of MUP mRNA, with the data expressed as mean ± SD (B). 
Functional distribution map of differential gene-related pathways based on the KEGG database (C). The GO enrichment results of differential genes are 
shown as bubble plots (D). The KEGG enrichment results of the differential genes are shown as bubble plots (E). * p < 0.05, ** p < 0.01
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There was little difference in serum glycated albumin lev-
els in the mice (Fig. 7G), which was consistent with the 
random blood glucose results measured earlier.

Sema4D -/-male mice have enhanced metabolism of the 
pentose phosphate pathway
The expression of metabolites in the Sema4D -/- and 
Sema4D +/+ groups could be better grouped as seen by 
orthogonal-partial least squares discriminant analysis 
OPLS-DA reduced dimensional analysis (Fig.  8A). The 
heat map showed an increase relative to the WT group 
with an increase in metabolites such as N-acetylleu-
cine, leukotriene C4, D-ribulose 5-phosphate, NADP, 
GMP, and a decrease in docosapentaenoic acid (Fig. 8B). 
Among these metabolites, D-ribulose 5-phosphate is 
involved in the metabolism of the pentose phosphate 
pathway, which provides substrate feedstock for purine 
anabolism by consuming glucose to produce ribose. The 
network plot showed enhanced biometabolism of the 
pentose phosphate pathway and purine synthesis path-
way, and reduced metabolism of the citric acid cycle 
pathway (Fig. 8C). The z-score plots showed a difference 
in expression of differential metabolites between the 

two groups (Fig.  8D), The horizontal coordinate is the 
relative amount of metabolites in the group after z-score 
conversion, with more metabolites on the right side indi-
cating more metabolites in the group. The bubble map 
showed an enhanced vitamin B6 metabolic pathway and 
a diminished antibody Fc segment-mediated immune 
response, findings which were consistent with the tran-
scriptome sequencing results (Fig.  8E). The enhance-
ment of the pentose phosphate pathway associated with 
glucose metabolism suggests that Sema4D -/- mice may 
exert hypoglycemic effects by increasing ribose synthe-
sis through a glucose metabolic bypass. The downstream 
purine metabolic pathway was also seen to be enhanced. 
Two pathways directly involved in the metabolism of 
sugar-water compounds were enriched, namely the inter-
conversion of pentose and glucuronide, and the pentose 
phosphate pathway (Fig. 8F). This suggests that Sema4D 
-/- mice may lower blood glucose levels through catab-
olism of glucose. In conclusion, Sema4D-/- male mice 
exert glucose-lowering effects through increased expres-
sion of GLUT2. Increased glucose catabolism through 
the pentose phosphate pathway, purine anabolism, and 
insulin secretion stimulated by glucose (Fig. 8G).

Fig. 6 There was no significant difference in islet and liver destruction in Sema4D-/- male mice by STZ. Immunofluorescence detection of differences in 
insulin and glucagon expression in male mice islet cells after STZ treatment at a dose of 100 mg/kg (A). DAPI stained cell nuclei in blue, glucagon positive 
expression in red, and insulin positive expression in green. KO group (n = 6) (B), WT group (n = 8) (C). Comparison of HE staining. Cellular inflammation and 
destruction in liver (D) and pancreas (E) of mice in both groups after STZ treatment. The black arrows indicate various pathological injuries to the tissues; 
these include punctate necrosis of cells and infiltration of inflammatory cells. PAS staining was performed to compare the differences in liver glycogen 
(F) and muscle glycogen (G) synthesis between the two groups. The differences in hepatic GLUT2 expression between the two groups of male mice after 
STZ treatment were analyzed by immunofluorescence (H), with DAPI-stained nuclei in blue and GLUT2-positive expression in red. The mean fluorescence 
intensity expressions were obtained by Image J and all were expressed as mean ± SD. The magnifications are 10x and 40x.*p < 0.05, **p < 0.01
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Discussion
GLUT2 is expressed specifically in mice liver and pan-
creatic β-cells and is the most important glucose trans-
porter protein in mice, with knockdown of SLC2A2, the 
gene that mediates GLUT2, resulting in non-viable mice. 
Neonatal deficiency of GLUT2 is known as Fanconi syn-
drome, which manifests mainly as an overall dysfunc-
tion of the proximal tubule, leading to excessive urinary 
excretion of amino acids, glucose, phosphate, bicarbon-
ate, uric acid, and other solutes reabsorbed by the renal 
unit segment [9]. These changes may lead to transient 
diabetes mellitus but resolve spontaneously with age in 
most individuals, probably due to GLUT1 and GLUT3. 
These responses also suggest that GLUT2 has an impor-
tant role in the early human pancreas for the release of 
insulin in response to glucose stimulation, although this 
role can be superseded by other glucose transporter pro-
teins [9]. GLUT2-deficient mice do not receive compen-
satory regulation by GLUT1 as well as GLUT3, although 
glucose can still be transported at a slower rate through 
the remaining glucose transporter proteomes despite 
the insulin-producing effect being significantly impaired 
[15]. An abundance of GLUT2 protein is comparable in 
human and rat liver, with the transport function per-
formed by GLUT2 in rat pancreatic β-cells appearing to 
be replaced by GLUT1 and/or GLUT3 in human pan-
creatic β-cells [16]. Therefore, GLUT2 (SLC2A2) may 
not be the major glucose transporter protein in human 

pancreatic β-cells. However, a variant rs8192675 in the 
SLC2A2 gene (C allele) was shown recently to be asso-
ciated with an improved glucose response to metformin 
monotherapy in the first year following diagnosis of type 
2 diabetes [10]. Patients with GLUT2 gene defects have 
reduced glycogen synthesis due to diminished glucose 
substrate transport. The recent discovery of a method 
that can be used to study diabetes caused by pure muta-
tions in the human SLC2A2 gene [17] will help us to 
explore more deeply the specific role of GLUT2 in human 
glucose metabolism.

There is evidence that glucose transporter-2 (GLUT2) 
promoter-mediated production of transgenic insu-
lin reduces hyperglycemia in diabetic mice [18]. Met-
formin treatment increased the GLUT2 transporter, 
which may be an alternative pathway to lower hypogly-
cemic levels in the diabetic state [10]. This activation of 
PXR induces hyperglycemia by impairing hepatic glu-
cose metabolism through inhibition of the hepatocyte 
nuclear factor 4-alpha (HNF4a) glucose transporter 2 
(GLUT2) pathway. The PXR agonists, atorvastatin and 
rifampin significantly downregulate GLUT2 and HNF4a 
expression and impair glucose uptake and utilization in 
HepG2 cells [19]. Downregulation of GLUT2 expression 
affects the dynamic translocation of GLUT2 to the rptc 
brush border membrane and decreases glucose reab-
sorption, thereby exacerbating the development of dia-
betic nephropathy. Elevated levels of glucose and/or its 

Fig. 7 Sema4D-/- male mice did not exhibit insulin resistance during the early hyperglycemic state. Serum insulin levels were measured in both groups 
of mice following an intraperitoneal injection of 1 g/kg of glucose after 4–6 h of fasting, 0 min before and 30 min after injection. KO group (n = 13), WT 
group (n = 15) (A), comparison by sex grouping, male KO group (n = 6), male WT group (n = 8) (B), female KO group (n = 7), and female WT group (n = 7) (C). 
The levels of C-peptide in the serum at the same time points were also measured (D) and compared according to gender grouping (E,  F). Serum glycated 
albumin levels were measured in both groups of mice (G). All the data are expressed as mean ± SD
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Fig. 8 (See legend on next page.)
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metabolites in renal tubular cells may be necessary for 
the development of tubulopathy and diabetic-like glo-
merular disease associated with GLUT2 deficiency [20]. 
Taken together, these findings suggest that GLUT2 has 
an important role in the hypoglycemic effect and allevia-
tion of diabetic complications. However, it has also been 
reported that during diabetic hyperglycemia, GLUT2-
mediated enhancement of glucose transport through the 
proximal tubule brush border microvilli (BBM) is associ-
ated closely with an increase in PKC-βI. Therefore, altera-
tions in GLUT2 and PKC-βI protein levels in the BBM 
may be important in the pathogenesis of diabetic kidney 
injury [21].

We used a single intraperitoneal injection of STZ 
(100  mg/kg) to establish a mouse model of hyperglyce-
mia. The degree of damage to pancreatic β-cells and hepa-
tocytes caused by STZ correlated positively with GLUT2 
expression, with STZ destroying GLUT2-positive cells 
mainly by promoting the release of inflammatory factors. 
It has been shown that STZ induces diabetes through 
β-cell apoptosis after being transported by GLUT2 and 
increases expression of inflammatory genes, with the 
release of inflammatory factors promoting destruction 
of pancreatic β-cells thereby leading to insulin-defi-
cient blood glucose [22]. mPGES-2 wild-type (WT) and 
knockout (KO) mice with type 1 diabetes induced by a 
single intraperitoneal dose of 120 mg/kg of STZ, resulted 
in the mPGES-2KO mice having increased GLUT2 
expression with STZ treatment leading to liver inflamma-
tion [23]. However, this phenomenon was not observed 
in our experimental model, which may be due to the dif-
ferent dosage of STZ or to differences in immune respon-
siveness between these two knockout mice models. It has 
been reported that bcr-mediated signaling is enhanced 
in CD72-deficient cells but reduced in Sema4D-deficient 
cells [24]. The Sema4D -/- male mice in our study had an 
attenuated antibody-mediated immune response, a result 
which was consistent with the transcriptome sequencing 

and metabolomic analysis in our study. Reduced GLUT2 
expression attenuates STZ damage to pancreatic β-cells 
and reduces insulin release induced by glucose stimula-
tion. However, increased GLUT2 expression does not 
necessarily increase the destruction of pancreatic β-cells 
caused by STZ. Liver and pancreatic β-cells of mice 
mainly express GLUT2 transporters. A dose of 100 mg/
kg of STZ may not exceed the GLUT2 transport capacity 
of wild-type mice and therefore even an increase in the 
number of transporters may not exacerbate the damage 
to GLUT2-positive cells caused by STZ.

Despite increased GLUT2 expression in Sema4D 
-/- mice hepatocytes, the mice did not show a stronger 
hypoglycemic effect than wild-type mice during normo-
glycemic states, with glucose uptake not being depen-
dent on the number and activity of glucose transporters, 
but rather on blood glucose or glucose analogue blood 
concentrations [25]. GLUT2 is a high glucose receptor, 
although it has also been reported to have a uniquely 
high Km for glucose (˜17 mm) that allows rapid glucose 
homeostasis between the extracellular space and the 
cytoplasm at all physiological or diabetes-related glucose 
levels [26].

Although hyperglycemia was less pronounced, dia-
stolic dysfunction was more pronounced in STZ-induced 
diabetic female mice [27]. Reduced circulating estradiol 
levels and imbalance in renal estrogen receptor expres-
sion accelerate the progression of diabetic nephropathy 
[28]. Insulin sensitivity and susceptibility to diabetes are 
indeed associated with sex differences [29]. However, it 
has also been reported that establishing equivalent dia-
betes in male and female Nos3-deficient mice results in a 
comparable onset of diabetic kidney injury [30].

However, the specific mechanism of the increase in 
GLUT2 transporters mediated in the sema4D -/- male 
mouse model for glucose regulation remains to be fur-
ther investigated.Currently, we have observed a signifi-
cant slowdown in cell growth compared to the negative 

(See figure on previous page.)
Fig. 8 Enhanced metabolism of the pentose phosphate pathway in Sema4D-/- male mice. Comparison of differences in metabolite expression be-
tween the two groups as seen by orthogonal-partial least squares discriminant analysis of OPLS-DA (A). Hierarchical clustering heat map of differential 
metabolites (B), where the magnitude of the relative content is shown by the difference in color, with the redder the color showing higher expression, 
while the bluer the color showing lower expression. The columns represent samples and the rows represent metabolite names. Network diagram of dif-
ferential metabolites (C), with blue dots indicating pathways and the other dots indicating metabolites. The size of the pathway points indicates a larger 
number of metabolites connected to it, while the metabolite points indicate the size of log2 (FC) values according to gradient color, with multiple groups 
comparing no metabolite log2 (FC) information. The relative size of the content in the graph is indicated by the color difference, with the redder color 
showing higher expression and the bluer color showing lower expression. A z-score plot (D). The vertical coordinate shows the name of the metabolite, 
the color of the dot represents the different groups, the horizontal coordinate is the relative content of the metabolite in the group obtained by z-score 
conversion, with those more to the right representing more metabolites in the group. Metabolic pathway impact factor bubble diagram (E). Each point 
represents a metabolic pathway, with the horizontal coordinate showing the impact value enriched to different metabolic pathways, and the vertical 
coordinate showing the enriched pathway. The dots indicate the number of corresponding metabolic molecules in the pathway. The color correlates 
with the P value, with redder color representing smaller P values, and bluer color representing larger P values. Differential enrichment score plot (F). The 
horizontal coordinate is the DA-score value calculated using the formula DA-score = (number of upregulated substances - number of downregulated 
substances) / total number of differential substances on that pathway. The vertical coordinate is the metabolic pathway, with the size of the top point of 
the bar indicating the number of differential metabolites enriched in that pathway. Schematic representation of the increased involvement of GLUT2 in 
the regulation of glucose metabolism after knockdown of Sema4D, with the graphic drawn by Adobe Illustrator (G)
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control group by lentiviral transfection of mouse hepato-
cytes and gastric cancer cell lines. We now hypothesize 
that perhaps the silencing of SEMA4d expression affects 
cell growth and that the cells compensate by increasing 
GLUT2 to obtain more energy material in order to avoid 
growth restriction.
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