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ABSTRACT: In the current study, we explored the impact of Tudor-staphylococcal nuclease (SN) on obesity induced by

a high-fat diet (HFD) in mice, because the functional involvement of Tudor-SN in lipid metabolism in vivo is
unknown. HFD-transgenic (Tg) mice exhibited reductions in hepatic steatosis and systemic insulin resistance. There
was no difference in hepatic lipid accumulation between chow-fed wild-type (WT) and chow-fed Tg mice; consistently, no difference in activation of the lipogenic pathway was detected. Overactivation of hepatic nuclear sterol
regulatory element-binding protein (nSrebp2)-2, the central regulator of cholesterol metabolic proteins, was observed in HFD-Tg livers along with improved cholesterol homeostasis, but no such changes were observed in HFDWT livers. Consistent results were observed in vitro in a-mouse liver 12 cells treated with palmitate mimicking the
HFD state. In addition, global gene analysis indicated that various downstream targets of nSrebp2, were upregulated in HFD-Tg livers. Moreover, HFD-WT mice displayed islet hypertrophy and suppression of glucoseinduced insulin secretion from islets, whereas HFD-Tg mice had normal pancreatic islets. This finding suggests that
the improved pancreatic metabolism of HFD-Tg mice is related to the systemic effect of insulin resistance, not to the
autonomous influence of pancreatic cells. Tudor-SN is likely to be a key regulator for ameliorating HFD-induced
hepatic steatosis and systemic insulin resistance in vivo.—Wang, X., Xin, L., Duan, Z., Zuo, Z., Wang, Y., Ren, Y.,
Zhang, W., Sun, X., Liu, X., Ge, L., Yang, X., Yao, Z., Yang, J. Global Tudor-SN transgenic mice are protected from
obesity-induced hepatic steatosis and insulin resistance. FASEB J. 33, 000–000 (2019). www.fasebj.org
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Obesity-induced insulin resistance is the major determinant of metabolic syndrome, which precedes the
development of type 2 diabetes mellitus. The precise
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causes of insulin resistance are varied, and this metabolic
abnormality may affect the ability of peripheral tissues to
use insulin, thus impairing peripheral glucose utilization
and resulting in the development of hyperglycemia,
compensatory hyperinsulinemia, or both (1). The main
peripheral tissues involved are the liver, adipose tissue,
and skeletal muscle, as they are the main insulin-sensitive
sites. Mechanisms leading to insulin resistance in these
classic insulin target tissues should also affect b-cell function and survival, resulting in continuous secretion of insulin, which eventually leads to the progressive b-cell
failure that characterizes type 2 diabetes (2, 3).
Obesity results in an increased flux of free fatty acids
into the circulation and their uptake by hepatocytes. Activated fatty acids (i.e., fatty acyl-coenzyme As) are metabolized primarily via oxidation or stored. When fatty
acid flux exceeds the ability of the body to dispose of fatty
acyl-CoAs, the levels of intermediates of fatty acid metabolism (such as diacylglycerol) increase in the liver,
thereby resulting in liver steatosis with large amounts of
triglyceride (TG) accumulation (4–7). TGs can then be
stored as lipid droplets within hepatocytes or secreted into
1
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the blood as very-low-density lipoprotein (VLDL). Although the hepatic accumulation of lipids is widely believed to result in insulin resistance (5, 6, 8–10), it remains
uncertain whether there is a causal relationship (11–14).
Tudor-staphylococcal nuclease (SN), also known as
staphylococcal nuclease domain containing 1 (Snd1), is a
highly conserved and ubiquitously expressed multifunctional protein (15–23). This enzyme comprises a tandem
repeat of 4 SN-like domains (referred to as SN domains) at
the N terminus and a fusion of a Tudor domain with a
partial SN domain at the C terminus (referred to as a TSN
domain) (22). Tudor-SN is normally localized in the cytoplasm except under certain circumstances, such as stress,
in which it may shuttle between the nucleus and the cytoplasm (16, 19, 23). This protein plays important roles in
the early stage of the DNA damage response in a polyADP-ribosylation–dependent manner via interaction with
poly (ADP-ribose) polymerase (Parp)-1 through an SN
domain (23). Tudor-SN, which is indispensable for normal
development, promotes cell-cycle progression by facilitating E2F-1–mediated gene transcription (17). Owing to a
high protein-protein binding affinity coexisting with enzymatic activity, Tudor-SN can exert its biochemical function
by acting as a scaffolding molecule for large multiprotein
complexes, as a nuclease, or both (22). In terms of the function of Tudor-SN in lipid metabolism, it has been found in
the cytosolic lipid droplets of lactating mammary glands
of cows and mice (24) and acts as a factor to promote
lipoprotein phospholipid localization in lipid droplets
in rat hepatocytes (25, 26). Furthermore, Tudor-SN has
been demonstrated to be a determinant of the downstream effector of TNF-a, which contributes to glycerophospholipid homeostasis in human hepatoma
HepG2 cells (27). Moreover, our group implicated
Tudor-SN, as a coactivator of peroxisome proliferatoractivated receptor-g, in regulating the differentiation
of the preadipocyte 3T3-L1 cell line upon treatment
with the hormonal cocktail dexamethasone, 3-isobutyl1-methylxanthine, and insulin (15). All these studies
imply that Tudor-SN is likely to play regulatory roles in
lipid metabolism. However, no in vivo physiologic
function of Tudor-SN has been systemically illustrated.
Because obesity is one of the common causes of metabolic
syndrome with a series of interrelated disorders, including
fatty liver, insulin resistance, and diabetes, we decided to
generate global Tudor-SN transgenic (Tg) mice to investigate
the function of Tudor-SN in the whole-body reaction induced by a high-fat diet (HFD), considering crosstalk of
different organs in obesity. To our surprise, compared with
the successfully established HFD-induced obesity model of
wild-type (WT) mice, the Tg mice exhibited phenotypes of
attenuated hepatic fat accumulation, preserved islet cell
function, and improved insulin resistance.
MATERIALS AND METHODS
Animals and treatments
All mice used in this study were on a C57BL/6J genetic background. Animals were housed in a temperature- and light/dark
cycle–controlled room. Tudor-SN Tg mice were generated at the
2

Vol. 33

March 2019

Model Animal Research Centre of Nanjing Medical University
(Nanjing. China). See Supplemental Fig. S1 for details of the
generation of the Tg mice. In brief, a Tudor-SN (Snd1) clone was
isolated from a mouse C57BL/6 genomic DNA library. Gene
expression was controlled by the ubiquitous CAG promoter
which contains the human cytomegalovirus enhancer and
chicken b-actin promoter located between an insulator and
3xFLAG tag in the Tg vector. All putative founders were screened
for the presence of the transgene. Sexually mature (6- to 8-wk-old)
founder mice were crossed with WT mice to establish separated
Tg lines. WT littermates were used as controls. To eliminate the
problem of permissive integration and demonstrate that the
overexpression of Tudor-SN is responsible for the phenotype, we
studied at least 2 or 3 lines of Tg mice generated from different
founders. Eight-wk-old C57BL/6 male mice were fed an HFD
(60% kcal from fat, D12492; Research Diets, New Brunswick, NJ,
USA) for 12 wk, and the control mice were fed a chow diet (10%
kcal from fat, D12450B; Research Diets) for 12 wk. The study
protocols and use of animals were approved by the Institutional
Animal Care and Use Committee of Tianjin Medical University.
Cell culture and treatment
Studies were performed in mouse nontumorigenic hepatocyte
a-mouse liver (AML)-12 cell line (28), purchased from the
American Type Culture Collection (Manassas, VA, USA). Palmitic acid was prepared by conjugating palmitate and 10% bovine serum albumin (BSA) solution in 150 mM NaCl. Cells were
cultured in DMEM (Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 10% fetal bovine serum (Thermo Fisher
Scientific), penicillin (100 U/ml), and streptomycin (0.1 mg/ml;
Thermo Fisher Scientific) at 37°C and 5% CO2. All studies were
conducted using 80–90% confluent cells, which were treated with
the indicated concentrations of free fatty acids in the presence of
2% free BSA (MilliporeSigma, Burlington, MA, USA) for 16 h.
After treatment, the cells were stimulated with insulin (100 ng/
ml) for various times. For the isolation of primary mouse hepatocytes, mouse liver was perfused at the portal vein via prewarmed HBSS supplemented with Liberase TM (Roche, Basel,
Switzerland). Hepatocytes were seeded in 6-well collagen-coated
plates (type I collagen, rat tail; 354236; BD Biosciences, Franklin
Lakes, NJ, USA) and were grown in low DMEM with 10% (v/v)
fetal bovine serum. After attachment, the hepatocytes were kept
in low DMEM without serum for 24 h and then were treated with
palmitate (250 mM) for another 16 h. After treatment, the cells
were stimulated with insulin (10 ng/ml) for various times.

Metabolic studies
Glucose tolerance and insulin tolerance tests and
homeostatic model assessment of insulin resistance
Food consumption was calculated weekly by subtracting the
mass of food left from the initial mass of food supplied. Energy
intakes were determined on the basis of 5.2 kcal/g for the HFD
and 3.8 kcal/g for the chow diet. For the glucose tolerance test
(GTT), we withheld food from the mice for 7 h before administering 1 g/kg., i.p. glucose and measuring blood glucose concentrations at several time points. We measured fasting insulin
after food was withheld for 7 h on the day of the GTT. For the
insulin tolerance test, we withheld food from the mice for 7 h
before administering 0.6 U/kg, i.p. insulin and measuring blood
glucose concentrations at various time points. For the acute insulin response, to reduce the phospho protein kinase B (pAkt) to
the basal level, we withheld food from the mice either overnight
for HFD mice or 7 h for chow mice. We performed this procedure
on WT and Tg mice on an HFD or chow diet. In brief, we anesthetized the mice, then clamped a small lobe of the liver and 1
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flank of epididymal white adipose tissue (eWAT) by hemostat to
protect it from insulin, thereby establishing the basal point
(0). Insulin was then injected into the inferior vena cava at a
dose of 0.35 U/kg, and the liver, eWAT, and muscle were cut
at several time points. The homeostatic model assessment of
insulin resistance score was calculated from glucose and
insulin concentrations obtained from mice after withholding
food for 12 h. The following equation was used: fasting blood
glucose (mg/dl) fasting insulin (mIU/ml)/405, where 1 mIU =
0.0347 ng insulin.
Insulin secretion test in vivo and in vitro
After an withholding food overnight for 19 h, animals were given
glucose (0.3 g/kg). At 60 min, another glucose dose (0.6 g/kg)
was given and an infusion of glucose was given to maintain
hyperglycemia at 20 mM. All doses were given intravenously
through an indwelling catheter in the femoral vein. Blood samples for insulin measurement were obtained from the saphenous
vein at 0, 5, and 15 min after the infusion.
Primary islets were aseptically isolated by collagenase digestion of the pancreas through bile duct injection. After being
washed in Krebs-Ringer bicarbonate buffer (KRBB) solution
[135 mM NaCl, 4.7 mM KCl, 10 mM 4-(2-hydroxyethyl)-1piperazineethanesulfonic acid (HEPES; pH 7.4), 3 mM glucose,
1.2 mM KH2PO4, and 5 mM NaHCO3] with 0.1% BSA, the islets
were digested into single cells with 0.025% trypsin (Thermo
Fisher Scientific) for 5 min at 37°C. Thirty islets and 104 single cells
from each WT and Tg mouse were respectively preincubated in
500 ml of KRBB solution for 30 min at 37°C and then transferred
into another 500 ml KRBB solution supplemented with 20 mM
glucose for 30 min. At the end of the incubation, 100 ml incubation
medium was withdrawn for insulin measurement.

VLDL secretion assay
Mice had food withheld for 8 h and were injected intravenously
with the lipase inhibitor tyloxapol (500 mg/kg; MilliporeSigma)
before blood collection at 0, 1, 2, and 3 h after injection. The
collected blood samples were used for TG measurements. In vitro
VLDL TG production rates were determined by incubating WT
and Tg primary hepatocytes with DMEM containing 0.5 mM
palmitate at 37°C for either 3 or 6 h. After incubation, the medium
was collected, and lipids were isolated by ultracentrifugation.
Lipids were removed and subjected to TG measurements.
Total cholesterol (free and total cholesterol) and TG from
mouse livers were measured by the use of enzymatic kits from
MilliporeSigma (MAK043) and Wako Life Sciences (Mountain
View, CA, USA). Serum VLDL (ab65390; Abcam, Cambridge, MA,
USA) and insulin (E-EL-M2614c; Elabscience, Wuhan, China) were
measured by ELISA according to the manufacturer’s instructions.
Histology
Five-micrometer–thick sections were prepared from the
paraffin-embedded pancreas and liver tissues fixed in 4%
paraformaldehyde were used for hematoxylin and eosin (H&E)
staining according to the manufacturer’s protocols (MilliporeSigma). For Oil Red O staining (MilliporeSigma), the sections were washed 3 times with distilled water and then stained
for 1 h with filtered 0.5% Oil Red O in 60% isopropyl alcohol.
After the cells were washed 3 times with distilled water, the
cells were examined under a microscope. The fat vacuoles area
was quantified by ImageJ software (National Institutes of
Health, Bethesda, MD, USA). For measurements of b-cell
area per islet, 3 different parts of the pancreatic specimens
TUDOR-SN IMPROVES INSULIN RESISTANCE IN HFD MICE

from each mouse (n = 5/group) were analyzed. All islets in
each section were digitized, and the mean area of insulinstained b-cells calculated with ImageJ. The number of
b-cells per islet was quantified by counting the number of
cell nuclei within the insulin immunoreactive area.
Total RNA extraction and real-time
quantitative PCR
RNA was extracted from isolated liver and eWAT tissue by using
Trizol (Thermo Fisher Scientific) according to the manufacturer’s
instructions. cDNA was synthesized by SuperScript III reverse
transcriptase (Thermo Fisher Scientific). Quantitative PCR
(qPCR) reactions were performed on 96-well plates with a FastStart Universal Sybr Green Master Mix Reagent Kit (Roche) by an
ABI Step One Plus Real-Time System (Thermo Fisher Scientific).
The sequences of the primers used in this study are listed in
Supplemental Table S1. The median cycle threshold value and
the relative cycle threshold method were used for the analysis.
Fold changes were calculated by using the DDCt method. The
results were normalized to b-actin levels.
Western blot analysis
Culture cells were washed with ice-cold PBS and lysed in ice-cold
RIPA buffer with proteinase inhibitor cocktail. After sonication
with a Bioruptor (CosmoBio, Tokyo, Japan), the lysates were
centrifuged to remove insoluble materials. The supernatants
(10 mg/lane) were separated by SDS-PAGE and transferred
onto PVDF membranes (MilliporeSigma) and detected with
specific primary antibodies in Supplemental Table S2 and
horseradish peroxidase–conjugated secondary antibodies by
chemiluminescence. Quantifications were performed with the
ImageJ Software.
Tissue samples were homogenized in ice-cold RIPA buffer by
Bullet Bender (Next Advance, Troy, NY, USA). Proteins were
resolved by 8 or 10% SDS-PAGE and blotted onto PVDF membranes and detected with specific primary antibodies in Supplemental Table S2 and horseradish peroxidase–conjugated
secondary antibodies by chemiluminescence. Quantifications
were performed with ImageJ Software. The mouse monoclonal
anti-Tudor-SN (Snd1) antibody was generated against the SN4
domain (aa 507–674) of Snd1 by the Institute of Medical Technology (University of Tampere, Finland).
Expression profile microarray
Total RNA was prepared from the indicated Tg and WT livers
from mice fed either HFD or chow diet. Equal aliquots of total
RNA from livers of 5 mice (HFD group) and 3 mice (chow group)
were used for hybridization, scanning, and analysis. The data
obtained from the microarray hybridizations were processed
with Mouse Genome 430 2.0 Array (Thermo Fisher Scientific)
software. The expression and functional profiles of genes were
compared between livers of HFD-Tg and HFD-WT mice or livers
of chow-Tg and chow-WT mice. Probe expression values were
interpreted and calculated by Heat Map Illustrator 1.0 (Huazhong University of Science and Technology, Wuhan, China;
http://hemi.biocuckoo.org/). For hierarchical clustering, probes from
the HFD-Tg livers of mice having a more than 2-fold increase
compared with WT-Tg livers of mice were selected and calculated by using methods of minimum linkage plus Pearson distance and mean linkage plus Euclidean distance). For analysis of
Tudor-SN(Snd1)-regulated genes in the cholesterol pathway,
probes from the HFD-Tg livers of mice having a more than 1.2fold increase compared with WT-Tg livers of mice were selected.
3
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The relevant genes were subsequently validated by qPCR. Refer
to Supplemental Table S1 for primer sequences.
Statistical analysis
The numerical data are presented as the means 6 SD and compared by an unpaired Student’s t test or 1-way ANOVA, with a
Bonferroni’s post hoc test for comparison of more than 2 groups.
Statistical significance was set at P , 0.05. Statistical analysis was
conducted with Prism software (v.5.01; GraphPad Software, La
Jolla, CA, USA).

RESULTS
Tudor-SN Tg mice exhibit ameliorated
HFD-induced hepatic steatosis and
systemic insulin resistance in vivo
Western blot analysis indicated that FLAG-Tudor-SN was
globally expressed in every organ in the Tudor-SN Tg mice
(Fig. 1A), whereas in the WT mice, Tudor-SN was robustly
expressed in the pancreas; mildly expressed in the intestines, liver, spleen, and kidney; and slightly expressed in
the muscle, brain, and white adipose tissue, consistent
with previous reports (21, 29). We then established an
obesity model to investigate the role of Tudor-SN in
pathophysiological conditions. Eight-wk-old Tudor-SN
Tg mice or WT mice were fed an HFD for 12 wk. The
energy intake was increased in both the HFD-fed Tg and
WT mice compared with their chow-fed counterparts (Fig.
1B), but no obvious difference was observed between the
Tg and WT groups. HFD-fed Tg and WT mice both gained
substantial body weight and had high ratios of liver size
and WAT to body mass (Table 1), whereas the ratio of liver
size to body mass in HFD-fed Tg mice was less than that in
HFD-fed WT mice.
We further verified that the obesity model was successfully established in HFD-fed WT mice. Oil Red O
staining was performed to detect hepatic lipid accumulation, revealing large lipid droplets clearly distributed in the
livers of HFD-fed WT mice (Fig. 1C). Meanwhile, H&E
staining revealed large fat droplets in the HFD-fed WT
livers, as well (Fig. 1D, E). Only small lipid droplets were
observed in the livers of HFD-fed Tg mice with both oil red
O staining (Fig. 1C) and H&E staining (Fig. 1D, E). In terms
of the calculated area of fat vacuoles (Fig. 1F) and the
measured TG content in the liver (Table 2), the hepatic
steatosis of HFD-fed Tg mice was strikingly ameliorated
compared with that of HFD-fed WT mice: the TG concentrations in both the liver and the plasma were lower in
HFD-fed Tg (32 mg/g, 68.7%) than in HFD-fed WT mice
(63 mg/g, 92.4%). We then examined the morphology of
the pancreas islets, which demonstrated morphologic
similarity in chow-fed WT and Tg mice (Fig. 1G); however,
a marked difference was observed between the HFD-fed
WT and Tg mice. The pancreases of HFD-fed WT mice
showed islet hypertrophy, whereas no morphologic
change in islets occurred in HFD-fed Tg mice. Measurement of islet size further verified islet hypertrophy in
HFD-fed WT mice (Fig. 1H). To explore the function of
pancreatic islets, we examined glucose-stimulated insulin
4
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secretion both in vivo and in vitro. In addition, the number
of b cells was calculated. We found that in mice fed the
normal chow diet, the tests showed no differences between
WT and Tg groups (Fig. 1I–K, chow group). However, the
number of b cells was increased in the pancreases of the
HFD-fed WT mice compared to those of the HFD-fed Tg
mice (Fig. 1I). The glucose-stimulated insulin release level
in the groups was detected in vivo by clamping the glucose
level for hyperglycemia. Suppression of insulin release
was observed in HFD-fed WT mice (Fig. 1J), but no significant difference was observed between any of the other
groups. Meanwhile, to exclude the possibility of insulin
clearance from the blood, we assessed the in vitro glucosestimulated insulin release level by culturing an equal
number of isolated islets from the different groups with
glucose supplementation (Fig. 1K). Consistently, the HFDfed WT group demonstrated the suppressed release of
insulin, whereas no significant difference was observed
between any of the other groups. To explore whether the
effect of insulin release is cell autonomous, we examined
the insulin release of the same amount of digested single
cells from isolated islets in response to glucose. The results
showed that there was no difference between the chow-fed
WT mice and chow-fed Tg mice (Fig. 1L), indicating a
systemic effect of Tudor-SN on pancreatic metabolism in
HFD conditions.
Furthermore, fasting blood concentrations and tolerance test results for insulin and glucose were examined.
HFD-fed WT mice presented with hyperglycemia and
hyperinsulinemia (Fig. 2A, B), as well as intolerance to
glucose and tolerance to insulin (Fig. 2C, D), whereas no
significant changes were observed in HFD-fed Tg mice
compared with chow-fed WT and Tg mice. We then used
homeostatic model assessment to quantify insulin resistance. The HFD-fed WT mice illustrated dramatic insulin resistance, but HFD-fed Tg mice did not (Fig. 2E). All
these data indicate that HFD-induced obesity is successfully built up in the WT mice, whereas, unexpectedly,
Tudor-SN is likely to play a role in alleviating the HFDinduced obesity symptoms in Tg mice, such as hepatic
steatosis and insulin resistance.
The livers of HFD-fed Tudor-SN Tg mice
possess active cholesterol metabolism
Recent studies have demonstrated a strong link between
hepatic steatosis and insulin resistance in obesity (1, 5, 6).
To obtain molecular insight into the role of Tudor-SN in
maintaining hepatic lipid homeostasis, we used microarray gene profiling to identify differentially expressed
genes in the livers of chow- and HFD-fed WT and Tg mice.
We filtered corresponding genes related to lipid metabolism in the HFD-fed group. The top 19 most highly
enriched pathways involved in metabolism and gene
regulation are listed in Fig. 3A. We selected 409 genes in
which the expression level was increased more than 2-fold
in HFD-fed Tg livers and highly clustered with Tudor-SN
expression (Fig. 3B). We overlapped the set of genes from
the pie chart and the Tudor-SN clustered heat map. There
were 21 genes (Fig. 3C), representing Tudor-SN–regulated
targets, that were present in both gene sets. Hierarchical
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Figure 1. Tudor-SN Tg mice display improved obesity-induced hepatic steatosis. A) Tudor-SN was ubiquitously expressed in the
organs despite less abundance in some tissues with terminally differentiated cells, such as heart, muscle, and eWAT. B) Eight-wkold WT or Tg mice were fed an HFD or chow diet for 12 wk. The animals’ calorie intake was recorded weekly. C–E, G) Each
micrograph is an independent section of mouse liver. C ) At 20 wk of age, WT and Tg mice fed an HFD or chow diet were unfed
overnight and euthanized, and livers were harvested. Representative sections of HFD livers from WT and Tg mice were examined
by Oil Red O staining. Orignial magniﬁcation, 310; scale bar, 200 mm. D, E ) Representative sections of HFD livers from WT and
(continued on next page)
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TABLE 1. Body parameters of WT and Tg mice on chow diet or HFD
Diet type
Parameter

Body weight (g)
%Liver/body weight
%WAT/body weight

Chow-WT

Chow-Tg

HFD-WT

HFD-Tg

29.3 6 1.3
0.9 6 0.09
2.8 6 0.26

27.6 6 1.9
0.95 6 0.07
2.9 6 0.19

48.2 6 3.5a
2.4 6 0.15a
6.2 6 0.40a

44.5 6 4.6
1.4 6 0.11**
5.8 6 0.36

Eight-wk-old Tg or WT mice (n = 10) were fed an HFD or chow diet for 12 wk. Body weights were
recorded. Liver and WAT tissues were weighed and normalized to body weights. aSigniﬁcant changes
after HFD feeding in WT mice. The data for Tg mice were obtained from Tg mice line 1. The growth
curves of body weight are presented in the Supplemental Fig. S3F. **P , 0.01 vs. WT HFD.

clustering of these Tudor-SN–regulated genes indicated
that they could be classified into 3 major clusters. Among
the clusters, genes in cluster III were selected that contained 3-hydroxy-3-methyl-glutaryl-CoA reductase (Hmgcr),
isopentenyl-diphosphate d isomerase (Idi1), squalene
epoxidase (Sqle), cytochrome P50 family 51 (Cyp51), 7dehydrocholesterol reductase (Dhcr7), NAD(P)-dependent
steroid dehydrogenase-like (Nsdhl), proprotein convertase
subtilisin/kexin type (Pcsk)-9, and apolipoprotein (Apo)-B
(Fig. 3D). All these genes participate in the synthesis or
homeostasis of lipids (mainly cholesterol). None of the
genes related to de novo lipogenesis were changed in the
livers of HFD-fed Tg mice compared with those of HFD-fed
WT mice, including the fatty acid synthesis genes Srebp1c,
fatty acid synthase, stearoyl-CoA desaturase, and acetylCoA carboxylase-1 and -2, among others.
Previous reports (30–32) have identified the genes
involved in the pathway of cholesterol metabolism
(illustrated in Supplemental Fig. S2). A particular set
of genes (1.2-fold) involved in cholesterol synthesis (ATP
citrate lyase, acetoacetyl-CoA synthetase, 3-hydroxy-3methylglutaryl-CoA synthase 1, Hmgcr, phosphomevalonate kinase, mevalonate diphosphate decarboxylase,
Idi1, farnesyl diphosphate synthase, Sqle, lanosterol synthase, Cyp51, sterol-C5-desaturase, and Dhcr7), cholesterol homeostasis, [star-related lipid transfer domain
containing (Stard)-4, Nsdhl, sterol-C4-methyl oxidaselike, hydroxysteroid (17b) dehydrogenase-7, and ATPbinding cassette transporter (ABC)-A1, -A8a, and -A8b]
and cholesterol uptake [low-density-lipoprotein receptor (Ldlr) and low-density-lipoprotein receptor–
related protein (Lrp)-1 were up-regulated in Tg livers of
mice fed an HFD or a chow diet (Table 3). The results

were confirmed by real-time qPCR analysis. In the chowfed diet condition, only 3 genes were significantly upregulated in the livers of Tg mice: Hmgcs1, Sqle, and
Cyp51 (Fig. 4). In the HFD-fed condition, various genes
were up-regulated, such as Hmgcr, Idi1, Sqle, Cyp51,
Dhcr7, Stard4, Lrp1, Abca1, Abca8a, Abcg4, Srebp chaperone, and insulin receptor (Insr), with a statistically significant difference in the livers of Tg mice. We noted that
the expression of Hmgcr, which is the key regulator initiating cholesterol synthesis, was changed significantly
between the livers of HFD-fed Tg and WT mice, but there
was no such difference in the chow-fed mice. Specifically, we found that the expression of various genes was
comparable between the chow-fed WT and HFD-fed Tg
mice, which suggested Tudor-SN contributes to cholesterol homeostasis when a HFD is consumed. By comparison, between the chow-fed and HFD-fed conditions,
we found that the higher expression level of the cholesterol metabolic genes in the HFD-fed Tg mice was related
to the less suppressive effect on this pathway caused by
HFD feeding instead of an inductive influence. Therefore, the Tudor-SN Tg mice possess active cholesterol
metabolism when fed an HFD.

Tudor-SN promotes the activation of hepatic
Srebp2 during HFD consumption
The hepatic Srebp2 target genes were generally upregulated in the HFD-Tg livers; in contrast, cholesterol
biosynthesis is coordinately regulated by the central factor
Srebp2 (33, 34). Therefore, we hypothesize that Tudor-SN
is likely to regulate cholesterol metabolism by promoting

Tg mice were examined by H&E staining. D) Original magniﬁcation, 310; scale bar, 200 mm; E ) Original magniﬁcation, 3 40;
Scale bar, 50 mm. F ) The fat vacuoles per area were calculated with ImageJ software under 3 100 magniﬁcation. G) At 20 wk of
age, WT and Tg mice fed an HFD or chow diet had food withheld overnight and then were euthanized, and their pancreases
were harvested. The morphology of pancreatic islets was examined by immunohistochemistry with an antibody against insulin.
Scale bars, 200 mm. H ) The islet area per section was calculated with image-analysis software. I ) The number of b cells per islet
was quantiﬁed by counting the number of cell nuclei within the insulin immunoreactive area. J ) In vivo glucose-induced insulin
secretion tests were performed by means of injection of glucose (2 g/kg, i.p.) and measurement of blood insulin concentration.
K ) In vitro glucose-induced insulin secretion tests were performed by culturing an equal number of isolated islets from different
mouse groups with supplemental glucose (20 mM) for 30 min and measuring the insulin concentration in the supernatant. L) In
vitro glucose-induced insulin secretion tests on the single cells were performed by means of culturing an equal number of single
cells (104) from trypsinized islets supplemented with glucose (20 mM) for 5 and 30 min, and the insulin concentration in the
supernatant was measured. The data for Tg mice were obtained from Tg line 1. Values represent means 6 SD (B, n = 8–10 mice/
group; F, H–L, n = 3–5 mice/group). *P , 0.05, **P , 0.01 [1-way ANOVA (B, F, H, I, L); 2-way ANOVA (J, K )].
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TABLE 2. Metabolic parameters of WT and Tg mice on chow diet or HFD
Diet type
Parameter

Triglyceride (mg/dl)
Cholesterol (mg/dl)
Hepatic TG (mg/g)
Hepatic FC (mg/g)
Hepatic TC (mg/g)

Chow-WT

35.6
57.4
22
1.2
2

6
6
6
6
6

3.7
1.2
1.8
0.04
0.06

Chow-Tg

31.5
60.2
20
1.5
2.2

6
6
6
6
6

3.7
2.7
1.6
0.13
0.07

HFD-WT

92.4
125.6
63
1.5
6.2

6
6
6
6
6

3.4a
4.5a
5.4a
0.05
0.12a

HFD-Tg

68.7
104.7
32
1.2
5.6

6
6
6
6
6

3.5**
5.5*
2.8**
0.07
0.14

Eight-wk-old Tg or WT mice (n = 10) were fed an HFD or chow diet for 12–14 wk. Blood was
collected and plasma was isolated. Values are expressed as means 6 SD. FC, free cholesterol; TC, total
cholesterol; WAT, including inguinal epididymal and perirenal fat. aSigniﬁcant change after HFD
feeding in WT mice. The data for Tg mice were obtained from Tg line 1. *P , 0.05, **P , 0.01 against
WT HFD.

the activation of Srebp2 in HFD conditions. The protein
level of nSrebp2 correlated positively with Tudor-SN in
the livers of HFD-fed Tg and WT mice (Fig. 5A). However, the protein level of nSrebp2 remained unaltered in
the livers of chow-fed Tg and WT mice (Fig. 5B). These
data indicate the potential effect of Tudor-SN on the

overactivation of hepatic Srebp2 in Tg mice in the HFD
condition. To further address this possibility, we performed in vitro experiments on the AML12 cell line (mouse
nontumorigenic hepatocyte). Because Srebp2 is cleaved in
the cytoplasm and then translocated into the nucleus as the
activated form nSrebp2, we detected the protein level of

Figure 2. Tudor-SN Tg mice display improved obesity-induced insulin resistance. A, B) At 20 wk of age after consumption of an
HFD or a chow diet, WT and Tg mice had food withheld overnight, and the blood concentrations of glucose (fasting glucose)
and insulin (fasting insulin) were measured. C ) After mice had food withheld overnight, an intraperitoneal GTT was performed
by injection of 1 mg/kg, i.p. glucose into WT and Tg mice after 12 wk of feeding an HFD or a chow diet. Time-course
measurements of blood glucose are shown. The experiments were repeated 3 times in 3 different cohorts of mice. D) After mice
had food withheld for 7 h, an insulin tolerance test was performed by injection of 0.6 U/kg, i.p. insulin into WT and Tg mice after
12 wk of feeding an HFD or chow diet. The levels of blood glucose at a series of time points were measured and normalized to the
basal point (0). The experiments were repeated 3 times in 3 different cohorts of mice. E ) The level of insulin resistance was
calculated from the same group. The data for Tg mice were obtained from Tg line 2. The parallel data (A–E ) obtained from Tg
mouseline 1 are shown in Supplemental Fig. S3. Data are means 6 SD (n = 8–10 mice/group). *P , 0.05, **P , 0.01, ***P ,
0.001 [1-way ANOVA (A, B, E ); 2-way ANOVA (C, D)].
TUDOR-SN IMPROVES INSULIN RESISTANCE IN HFD MICE
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Figure 3. Identiﬁcation of unregulated Tudor-SN–related genes involved in metabolism. Total RNA of livers from HFD-WT and
HFD-Tg mice was subjected to microarray analysis. A) The top 19 enriched pathways of metabolism and gene regulation in the
potential Tudor-SN–regulated genes. Red outline sections: genes involved in the metabolic signaling pathway. B) The data were
processed, and 584 genes found to be up-regulated more than 2-fold from Tg mice compared with WT mice were deﬁned as
Tudor-SN-regulated genes in HFD conditions. The genes were hierarchically clustered, and the resulting heat map and
dendrogram are shown. Red boxes: 409 genes with minimum linage and Pearson distance to Tudor-SN; the ﬁrst gene is indicated
by a red arrow. C ) The working model to identify Tudor-SN-regulated genes in HFD liver. D) Twenty-one genes from C were
selected and hierarchically clustered with Tudor-SN. The resulting heat map and dendrogram are shown with gene annotations.
Cluster III was selected with mean linkage and Euclidean distance to Tudor-SN. The data for Tg mice were obtained from Tg line 1.

nSrebp2 in different cell fractions. The protein level of
nSrebp2 in the nucleus (lane 4) was unaltered, even
with the ectopic overexpression of Tudor-SN (Fig. 5C).
We then determined whether Tudor-SN modulates the
overactivation of nSrebp2 in HFD conditions. In response
to palmitate treatment of AML12 cells, which mimics the
state of HFD, the ectopic overexpression of Tudor-SN, but
not the vector control, efficiently enhanced the protein
level of nSrebp2 (Fig. 5D). The results showed that TudorSN promotes the overactivation of hepatic Srebp2 in the
liver in HFD-induced conditions.
Tudor-SN promotes hepatic VLDL secretion
in HFD-Tg mice along with permissive
insulin signaling
It has been reported that knocking down hepatic Insr expression in WT mice reduced VLDL secretion (35). We
8
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thus speculated that the phenotype of reduced hepatic
steatosis in HFD-Tg mice is related to active insulin signaling. We noted that the expression of Insr mRNA (P ,
0.0001) was up-regulated in the HFD-Tg liver compared to
the HFD-WT liver (Table 3), whereas its mRNA expression
remained unchanged in the Chow-Tg liver compared with
the Chow-WT liver. We validated some of the clustered
genes represented in Fig. 3D and Table 3 in terms of protein levels. Compared with the expression in HFD-WT
livers, the expression of Insr was markedly increased in
HFD-Tg livers, and there was also a slight up-regulation of
Lrp1. However, Ldlr, Pcsk9, and Apob remained unchanged (Fig. 6A). Meanwhile, in the group of chow diets,
the expression level of these proteins remained unaltered,
which suggests that the regulation of Tudor-SN on insulin
signaling in the liver is confined to the HFD condition (Fig.
6B). Given that insulin signaling benefits VLDL secretion
(34, 35), we sought to detect the capacity of VLDL secretion
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TABLE 3. Lipid genes involved in the cholesterol-related pathway
Diet type
Lipid gene

HFD (Tg/WT)

P

Chow (Tg/WT)

P

1.52
1.48
1.44
2.16
1.47
1.34

0.19
0.10
0.32
0.05
0.15
0.11

1.36
0.62
1.57
1.27
1.17
1.25

0.49
0.43
,0.05
0.72
0.65
0.21

2.83

0.08

1.9

1.92
3.08
1.33
2.55
1.4
2.01
1.43

0.16
0.18
0.10
0.09
0.10
0.11
,0.05

1.28
3.3
1.65
1.99
1.21
1.76
1.5

0.59
,0.05
0.18
0.06
0.45
0.06
0.09

2.05

0.15

2.14

0.19

1.94
1.36

0.14
0.11

1.79
1.54

,0.05
,0.05

1.38
1.74

0.18
,0.001

1.44
1.38

0.36
0.14

1.45

,0.001

NA

NA

1.62

,0.05

NA

NA

1.43

,0.05

NA

NA

1.36

0.08

NA

NA

1.24
1.24
0.53
1.62

,0.001
0.22
,0.05
,0.0001

1.3
NA
0.58
1.15

0.07

Acly: ATP citrate lyase
Aacs: acetoacetyl-CoA synthetase
Hmgcs1: HMG-CoA synthase
Hmgcr: HMG-CoA reductase
Pmvk: phosphomevalonate kinase
Mvd: mevalonate-5-pyrophosphate
decarboxylase
Idi1: isopentenyl-diphosphate D
isomerase
Fdps: farnesyl diphosphate synthetase
Sqle: squalene epoxidase
Lss: lanosterol synthase
Cyp51: cytochrome P450
Sc5d: sterol-C5-desaturase
Dhcr7: 7-dehydrocholesterol reductase
Stard4: star-related lipid transfer domain
containing 4
Nsdhl: NAD(P)-dependent steroid
dehydrogenase-like
Sc4mol: sterol-C4-methyl oxidase-like
Hsd17b7: hydroxysteroid (17b)
dehydrogenase 7
Ldlr: low density lipoprotein receptor
Lrp1: low density lipoprotein receptorrelated protein 1
Abca1:ATP-binding cassette transporter
ABCA1
Abca8a:ATP-binding cassette transporter
ABCA8a
Abca8b:ATP-binding cassette transporter
ABCA8b
Abcg4:ATP-binding cassette transporter
ABCG4
Scap: srebp chaperone
Insig1：Insulin induced gene 1
Insig2：Insulin induced gene 2
Insr：Insulin receptor

0.11

0.17
0.13

Total RNA of WT and Tg liver from both HFD and chow mouse group was subjected to microarray.
The data were processed and genes involved in cholesterol metabolism with up-regulated more than 1.2fold from Tg mice compared with WT mice were deﬁned as Tudor-SN–regulated genes in the cholesterol
pathway. Fold numbers indicate the expression ratio of Tg to WT mice. The data of the HFD and chow
group are represented respectively. The data for Tg mice were obtained from Tg line 1. NA, not
applicable.

after blocking the lipase in circulation. Chow-WT and Tg
mice produced comparable amounts of VLDL TGs, suggesting that Tudor-SN itself in mice fed normal chow diets
does not promote VLDL secretion (Fig. 6C). However, a
relatively higher amount of VLDL TGs was detected
in HFD-fed Tg mice compared with the level in HFD-fed
WT mice. Consistently, an in vitro VLDL secretion assay
performed in primary murine hepatocytes (PMHs) treated
with palmitate showed that Tudor-SN Tg hepatocytes
(Tg-PMHs) possessed a higher secretion rate than TudorSN-WT hepatocytes (WT-PMH) (Fig. 6D). Considering
the nonsuppressed Insr in the HFD-Tg liver, Tudor-SN is
likely to promote VLDL secretion in the state of permissive
insulin signaling.
We subsequently performed biochemical studies to
investigate insulin-stimulated Akt activation in metabolic
TUDOR-SN IMPROVES INSULIN RESISTANCE IN HFD MICE

organs in terms of liver, eWAT, and muscle. Insulinstimulated Akt activation was inhibited in the livers of
HFD-fed WT mice but not in the livers of HFD-fed Tg mice
(Fig. 7A). Consistently, we observed the same trend of
insulin-stimulated Akt activation in the eWAT and muscle
of HFD-fed Tg mice (Fig. 7B, C). In contrast, in the groups
fed the chow diet, insulin-stimulated Akt activation
remained comparable between Tg and WT mice in both
liver and eWAT tissues (Fig. 7D). Furthermore, we mimicked the state of insulin resistance in vitro by treating PMH
with palmitate. Compared with WT-PMH, hepatocytes
isolated from Tudor-SN Tg mice were more sensitive to
insulin, as the level of phospho-Akt in Tg-PMH increased
substantially in response to insulin stimulation (Fig. 7E).
We conclude that permissive insulin signaling in the livers
of HFD-fed Tg mice was caused by Tudor-SN in HFD
9
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Figure 4. Enhanced cholesterol metabolism in the livers of HFD-Tg mice. The mRNA levels of cholesterol metabolic genes were
validated by real-time qPCR in the livers of both HFD-Tg and Chow-Tg mice. The data for Tg mice were obtained from Tg line 2.
Data are means 6 SD (n = 5 mice, HFD group; n = 3 mice, chow group). #P , 0.05 vs. Chow-WT group, *P , 0.05 vs. HFD-WT
group (1-way ANOVA).

conditions, because the mRNA and protein levels of the
Insr were not changed in the livers of chow-fed Tg mice
(Figs. 4B and 6B, and Table 3). These data demonstrate
that Tudor-SN accelerates hepatic VLDL secretion and
strongly promotes insulin sensitivity under the influence
of an HFD (Fig. 8).

DISCUSSION
Obesity is one of the common causes of metabolic syndrome and a series of interrelated disorders including
fatty liver, insulin resistance, and diabetes. Although we
and others have implicated Tudor-SN in promoting

Figure 5. Tudor-SN facilitates
nuclear SREBP2 translocation
in hepatocytes in the HFD
condition or treatment with
palmitate. A, B) Western blot
analysis of nSREBP2 in WT
and Tg mice fed a 12-wk HFD
(A) or a chow diet (B). C )
Western blot analysis of
nSREBP2 in the nuclear and
cytoplasmic fractions of murine AML12 hepatocytes stably
expressing FLAG-Tudor-SN.
D) Western blot analysis of
nSREBP2 in murine hepatocytes AML12 cells stably
expressing FLAG-Tudor-SN after palmitate (250 mM) treatment. The data for Tg mice
were obtained from Tg line 2.
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Figure 6. Enhanced VLDL secretion in HFD-Tg but not in Chow-Tg mice. A, B) Western blot analysis of select proteins involved
in hepatic lipid metabolism from the livers of WT and Tg mice fed a 12-wk HFD (A) or a chow diet (B). C ) VLDL TG secretion
assay in WT and Tg mice after a HFD or chow diet. Animals received an injection of 500 mg/kg, i.v. tyloxapol to block lipases.
Blood was collected at the indicated time points and measured for plasma TG accumulation. D) VLDL TG secretion assay in WTPMH and Tg-PMH incubated with 0.5 mM palmitate at 37°C for 3 or 6 h. Lipids from the media were extracted and subjected to
TG measurements. The data for Tg mice were obtained from Tg line 2. The parallel data obtained from other Tg mouse lines are
shown in Supplemental Fig. S4A, C, D) Data are means 6 SD (n = 3–5 mice/group). *P , 0.05, **P , 0.01 (2-way ANOVA).

adipogenesis in preadipocytes and lipid formation in
hepatocytes (15, 25), the in vivo physiologic function of
Tudor-SN in regulating global metabolism is unclear.
In the present study, we first verified that a mouse
model of obesity was successfully generated in C57BL/
6 mice fed a HFD compared with those that received
chow, and we then delineated the modulation of TudorSN in key aspects of obese-related metabolic disorders
in global Tudor-SN Tg mice. We provide physiologic,
histologic, and molecular evidence to demonstrate that
Tudor-SN plays important roles in protecting the mice
from HFD-induced hepatic steatosis and insulin resistance despite the comparable phenotypes between
WT and Tg mice in the chow diet condition. Global Tg
mice allowed us to discover the potential function of
Tudor-SN in the crosstalk of different organs in the
context of HFD-induced obesity.
Palacios et al. (25) first reported that overexpression
of Snd p102, a rat homolog of p100 coactivator, promotes the secretion of lipoprotein phospholipids in
primary hepatocytes. They further demonstrated that
Snd p102 was present in newly formed lipid droplets in
the liver parenchyma and cultured hepatocytes (26). In
the current study, the livers of HFD-Tg mice displayed
lower TG accumulation (steatosis) in vivo. When the
circulating lipoprotein lipase is blocked by the lipoprotein lipase inhibitor tyloxapol in vivo, HFD-Tg mice
with normal expression of hepatic Apob can promote
TUDOR-SN IMPROVES INSULIN RESISTANCE IN HFD MICE

the transport of VLDL out of the liver into the blood,
resulting in decreased accumulation of TGs in the liver.
Tudor-SN itself in the context of a normal chow diet
does not promote VLDL secretion. In this regard, we
may conclude that overexpression of Tudor-SN in HFD
livers is sufficient to accelerate the transport of VLDL
secretion, which leads to attenuated liver steatosis with
decreased TG in mice. The supporting evidence we
found is the increased hepatic insulin signaling in HFDfed Tg mice because active insulin sensitivity can enhance the secretion of VLDL (33, 34, 36). We observed
elevated expression of Insr and Lrp1 in the livers of
HFD-fed Tg mice but not in those of chow-fed Tg mice.
The functional interactions between Lrp1 and insulin
signaling were noted on the rapid translocation of Lrp1
from intracellular compartments to the cell surface in
response to insulin stimulation of rat hepatocytes (37).
Conversely, Lrp1 also regulates the surface expression
of the Insr in neurons (38) and in the liver (39). In Lrp1deficient livers, reduced surface expression of Insr
subsequently creates a latent state of insulin resistance
that is unmasked by HFD feeding, leading to a metabolic syndrome with hepatic steatosis, reduced VLDL
secretion and hepatic insulin resistance (39). In addition, we noted that both the mRNA (P , 0.0001) and
protein levels of the Insr was up-regulated in the HFDTg liver but unchanged in the Chow-Tg liver compared
to the Chow-WT liver. It was reported that the Insr is
11
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Figure 7. Permissive insulin signaling in HFD-Tg, but not in Chow-Tg mice. A–C ) An acute insulin response assay (0.35 U/kg) was
performed in the liver, eWAT, and muscle of mice that had food withheld overnight after 12 wk of HFD feeding. Western blot
analysis was performed on individual animals (n = 3) of each genotype (WT and Tg). Representative blots are shown. The gray
density of p-Akt was quantiﬁed by normalizing to the total Akt of 3 independent experiments in individual mice. D) An acute
insulin response assay (0.35 U/kg) was performed in the liver and eWAT of overnight-unfed mice that had been fed a chow diet.
Western blot analysis was performed on individual animals of each genotype (WT and Tg). E ) Primarily isolated WT and Tg
hepatocytes were treated with palmitate (palm; 125 mM) for 24 h followed by insulin stimulation (10 ng/ml) for the indicated
time course. Cellular extracts were harvested for Western blot analysis with antibodies against the indicated proteins. The data for
Tg mice were obtained from Tg line 1. The parallel data for (A–C ) obtained from other Tg mouse lines are shown in
Supplemental Fig. S4B. Data are means 6 SD (n = 3 mice/group). *P , 0.05 (1-way ANOVA).

degraded by HFD feeding (40). Thus, Tudor-SN potentially prevents the Insr from HFD-induced degradation. However, further experiments are needed.
A recent study revealed that cholesterol synthesis is
increased in Tudor-SN-overexpressing hepatoma cells
12
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(41). Our investigation of the underlying molecular
mechanism indicates that Tudor-SN regulates cholesterol
metabolism in the mouse liver in HFD conditions through
the overactivation of Srebp2, which is a central regulator
of cholesterol metabolic proteins, such as Hmgcr, Idi1,
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Figure 8. The role of Tudor-SN
in the amelioration of hepatic
steatosis and insulin resistance. When fed a chow diet,
the Tg mice remained normal
and comparable to WT mice
in pancreatic function, cholesterol homeostasis, and insulin sensitivity. However, in
HFD conditions, compared to
the control HFD-WT mice,
the HFD-Tg mice exhibited
reduced hepatic steatosis, improved systemic insulin resistance, and normal pancreas
function. Tudor-SN promotes
the overactivation of hepatic
SREBP2 and accelerates the
lipid (VLDL) output from the
liver in HFD-Tg mice along
with systemic and hepatic insulin sensitivity. Tudor-SN is
demonstrated to control the
response to palmitate or HFD, which contributes not only to cholesterol homeostasis via overactivating SREBP2, but also
to globally permissive insulin signaling, which beneﬁts hepatic TG homeostasis.

Cyp51, Sqle, Star-related lipid transfer domain containing4, and Dhcr7 (30, 31). Compared to the Chow-WT mice,
most of the cholesterol metabolic genes were repressed in
the HFD-WT mice with increased cholesterol levels, which
was consistent with the previous report that increased
cholesterol represses Srebp2 target genes (42). By comparison between the chow-fed WT and HFD-fed Tg mice,
we found that the expression of various genes was comparable, which supports the conclusion that Tudor-SN
contributes to cholesterol homeostasis when an HFD is
consumed. There was no difference in the cholesterol
levels in Chow-WT and -Tg mice, and consistently, no
difference in the activation of Srebp2 (nSrebp2) was
detected between the Chow-Tg and Chow-WT mice.
Overactivation of hepatic Srebp2 (nSrebp2) was observed in the HFD-Tg liver, but not in HFD-WT mice.
We found no alterations of nSrebp2 in AML12 hepatocytes with overexpression of Tudor-SN under
normal culture conditions in vitro; however, ectopically
expressed Tudor-SN increased nSrebp2 translocation
in hepatocytes upon the treatment of palmitate acid,
which is the most common saturated fatty acid mimicking the state of in vivo HFD. Thus, the regulatory
effect of Tudor-SN on overactivation of hepatic Srebp2
(nSrebp2) is restricted to HFD conditions. By comparison between the chow- and HFD-fed conditions,
we found that the improved cholesterol homeostasis
in HFD-fed Tg mice with a higher expression level of
the cholesterol metabolic genes is attributable to the
less repressive effect on the cholesterol pathway
caused by HFD instead of an inductive influence. In
addition, hepatic and global insulin sensitivity in
HFD-Tg mice may benefit cholesterol homeostasis, as
insulin signaling plays a positive role in cholesterol
homeostasis (43).
Mechanisms leading to insulin resistance in classic insulin target tissues should also affect b-cell function and
TUDOR-SN IMPROVES INSULIN RESISTANCE IN HFD MICE

survival. Insulin resistance forces b cells to continuously
hypersecrete the substance, which eventually leads to
progressive b-cell failure of type 2 diabetes (2, 3). In our
results, we found that in terms of the highly secretory
pancreas, Tudor-SN protein was endogenously abundant
and Tg Tudor-SN was efficiently expressed. HFD-WT
mice displayed islet hypertrophy and suppression of
glucose-induced insulin secretion in islets, whereas HFDTg mice were normal in pancreatic islets. Although the
overexpressed Tudor-SN in the islets of Tg pancreas
appeared to exert a protective role against HFD-induced
insulin resistance, we found a comparable ability of insulin
secretion among the equal amount of islet-derived single
cells from Chow-WT and -Tg mice. In this regard, we
suppose that the phenotype in the pancreas of HFD-Tg
mice is related to the systemic effect of Tudor-SN on metabolism rather than the pancreatic cell-autonomous
influence.
In summary, our results demonstrate that global overexpression of Tudor-SN in mice has a systemic ameliorating effect on HFD-induced hepatic steatosis and insulin
resistance in vivo. Tudor-SN Tg mice, when fed an HFD,
exhibit normal pancreatic function, permissive insulin
signaling, active cholesterol metabolism, and accelerated
VLDL output from the liver. When a HFD is consumed,
Tudor-SN contributes not only to cholesterol homeostasis,
but also potentially to permissive insulin signaling, which
benefits hepatic TG homeostasis.
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