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Abstract

Background: C1g/tumor necrosis factor-related protein 1 (CTRP1) is an adipokine secreted by adipose tissue, related
to chondrocyte proliferation, inflammation, and glucose homeostasis. However, the therapeutic effects on metabolic
disorders and the underlying mechanism were unclear. Here, we investigated the functions and mechanisms of
CTRP1 in treating obesity and diabetes.

Methods: The plasmid containing human CTRPT was delivered to mice by hydrodynamic injection, which sustained
expression of CTRPT in the liver and high protein level in the blood. High-fat diet (HFD) fed mice and STZ-induced
diabetes model were used to study the effects of CTRP1 on obesity, glucose homeostasis, insulin resistance, and
hepatic lipid accumulation. The lipid accumulation in liver and adipose tissue, glucose tolerance, insulin sensitivity,
food intake, and energy expenditure were detected by H&E staining, Oil-Red O staining, glucose tolerance test, insulin
tolerance test, and metabolic cage, respectively. The metabolic-related genes and signal pathways were determined
using gPCR and western blotting.

Results: With high blood circulation, CTRP1 prevented obesity, hyperglycemia, insulin resistance, and fatty liver in
HFD-fed mice. CTRP1 also improved glucose metabolism and insulin resistance in obese and STZ-induced diabetic
mice. The metabolic cage study revealed that CTRP1 reduced food intake and enhanced energy expenditure. The
mechanistic study demonstrated that CTRP1 upregulated the protein level of leptin in blood, thermogenic gene
expression in brown adipose tissue, and the gene expression responsible for lipolysis and glycolysis in white adipose
tissue (WAT). CTRP1 also downregulated the expression of inflammatory genes in WAT. Overexpression of CTRP1
activated AMPK and PI3K/Akt signaling pathways and inhibited ERK signaling pathway.

Conclusion: These results demonstrate that CTRP1 could improve glucose homeostasis and prevent HFD-induced
obesity and fatty liver through upregulating the energy expenditure and reducing food intake, suggesting CTRP1 may
serve as a promising target for treating metabolic diseases.
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Introduction

C1q/TNF-related proteins (CTRP) are a family of
secreted proteins [1]. The protein structures of the CTRP
family are similar to that of adiponectin [2]. CTRP]1, a
281 amino acids-glycoprotein, is an important adipokine
closely related to metabolic and inflammatory pathways
[3, 4]. CTRPI is expressed in adipose, placenta, and many
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level was higher in metabolic syndrome and type II
diabetes (T2DM) patients [7-9]. CTRP1 was positively
correlated with body mass index (BMI), HbAlc, and
blood glucose in metabolic syndrome and T2DM patients
[7-9]. High CTRP1 level was also found in patients with
nonalcoholic fatty liver disease (NAFLD) and obese
people with chronic kidney disease (CKD) [10, 11]. In
addition, high CTRP1 expression was detected in Zucker
diabetic fatty rats, ob/ob mice, and HFD-fed rats [3, 5,
12], suggesting the potential role of CTRP1 in metabolic
disorders.

As a paralog of secreted proteins adiponectin, CTRP1
was regarded as a potential target to treat metabolic
disease in recent studies. The protein level of CTRP1
was increased in adiponectin knockout (KO) mice to
compensate for the function of adiponectin [5]. Ctrpl
transgenic mice ameliorated insulin resistance (IR) and
enhanced fatty acid oxidation and energy consumption
[13, 14]. CTRP1 improved the glucose utilization rate
in insulin-treated mature adipocytes and stimulated the
phosphorylation of insulin receptor substrate (IRS)-1
Ser1101 [15]. Ctrpl KO mice showed insulin resistance
and higher G6pc and Pckl expression on a low-fat
diet (LFD) [16]. LFD-fed Ctrpl KO mice had higher
liver weight, hepatic cholesterol, and lower serum
triglyceride and free fatty acid (FFA) [16]. However,
Ctrpl KO mice showed different functional effects in
HFD-fed conditions. Compared with controls, HFD-fed
Ctrpl KO mice had less weight, lower liver weight, and
down-regulation of lipid uptake and synthesis genes
(Scdl, Cd36, and PPARy) [16]. Mechanistic studies
further indicated that CTRP1 had different functions
in regulating the activity of AMPK among different
nutrition conditions and tissues [16]. These results
suggest that CTRP1 plays multiple roles in various tissues
and pathological conditions, and the therapeutical role of
CTRP1 in treating obesity, type II diabetes, and fatty liver
remains elusive, as well as their underlying mechanisms.

In this study, we investigated the therapeutical effects
and mechanisms of CTPR1 on diet-induced obesity,
T2DM, and fatty liver. Overexpression of CTRPI by
hydrodynamic gene delivery improved metabolic
homeostasis in obese mice and STZ-induced diabetic
mice, suppressed HFD-induced weight gain and
the development of fatty liver, and alleviated insulin
resistance. Our results indicate that human CTRPI gene
delivery improves metabolic homeostasis and might act
as a therapeutic target in obesity and T2DM.

Materials and methods

Plasmids

pLIVE® Vector/SEAP Control Vector Kit (Cat. MIR
5620), including pLIVE and pLIVE-SEAP plasmids, were
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purchased from Mirus Bio (Madison, WI, USA). SEAP
is secretory alkaline phosphatase, and pLIVE-SEAP
plasmid was used as control. The human CTRP1 gene
(NM_030968.5) was cloned and inserted into the pLIVE
vector at Nhe I and Xho I sites (the map of the constructs
was in Additional file 1: Figure S1). The constructed
plasmid was confirmed by sequencing (Tsingke
Biotechnology Co., Ltd., Beijing, China). The plasmid was
extracted using the EndoFree Maxi Plasmid Kit (DP117,
Tiangen, Beijing, China).

Antibodies and reagents

Rabbit monoclonal antibody AKT (Cat. #4691, CST),
p-AKT (Thr308, Cat. #13038, CST), AMPK (Cat. #5831,
CST), p-AMPK (Thrl72, Cat. #2535, CST), ERK1/2
(Cat. #4695, CST) and p-ERK1/2 (Thr202/Tyr204, Cat.
#4376, CST) were supplied by Cell Signaling Technology
(CST, Danvers, CO, USA). Mouse monoclonal antibody
B-actin was punched from Proteintech (Cat. 66009—
1-Ig, Chicago, IL, USA). Goat anti-rabbit IgG-HRP
(Cat. ZB-2301) and goat anti-mouse IgG-HRP (Cat.
ZB-2305) were supplied by ZSGB-BIO (Beijing, China).
PrimeScript RT Kit (Takara Bio, Dalian, China),
QuantiFast SYBR Green PCR Kit (Qiagen, Duesseldorf,
Germany), BCA Microalbumin Quantitation Kit for
proteins (Applygen Technologies Inc., Beijing, China),
human CTRP1 Elisa kit (Cat. ml038603-C, Milbio,
Shanghai, China), STZ (Cat. S8050, Solarbio, Beijing,
China), Hematoxylin and eosin (H&E) staining kit (Cat.
L11020102, Yulu experimental equipment Co., Ltd,
Nanchang, China), human insulin (Humulin) (Eli Lilly,
Indianapolis, IN, USA), the high-fat diet (60% kJ/fat, 20%
kJ/carbohydrate, 20% kJ/protein, Cat. D12492, Research
Diets Inc., New Brunswick, NJ, USA), and regular diet
(Beijing Keao Xieli Feed Co., Ltd., Beijing, China) were
supplied by specific companies.

Animal experiment and procedure

C57BL/6 mice (male,~25 g,~8 weeks) were purchased
from Changsha Tiangin Biotechnology Co. Ltd.
(Changsha, China). The group-housed mice were kept
at 25+2 °C with a 12 h light-dark cycle. All animal
protocol was approved by the Animal Ethics Committee
of Nanchang University.

To investigate whether human CTRPI expression
in mice could prevent HFD-induced obesity, mice
were divided into three groups randomly (5 mice per
group). All the mice were fed a regular chow diet for
2 weeks to adapt to the environment. After that period,
mice in the CHOW group were continuingly fed the
Chow diet. While mice in HFD/SEAP group and HED/
CTRP1 group were fed a high-fat diet. pLIVE-SEAP
or pLIVE-CTRP1 plasmid DNA (1 pg/g body weight)
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was hydrodynamically injected into mice to give a
high expression of the target gene in the liver (injected
solution volume/body weight=9%) according to the
previous study [17]. The same amount of plasmid DNA
was re-injected to keep the high gene expression 4 weeks
after the first injection. The group was named HFD/
SEAP group, HFD/CTRP1 group, and CHOW group. On
days 1, 3, 7, 21, and 49, tail-tip blood was collected into
0.5 mL tubes containing sodium heparin. The plasma
was extracted after centrifuging at 4 °C and 8000 rpm for
5 min. The weight and the food intake were measured per
week. The blood glucose homeostasis was determined by
the glucose tolerance test (GTT) and insulin tolerance
test (ITT).

To investigate the effects of human CTRP1 expression
on STZ-induced T2DM, C57BL/6 mice were randomly
divided into two groups (8 mice in each group) and fed
HFD for 40 days. Then, the mice were treated with STZ
(50 pg/g body weight, dissolved in 0.1 M sodium citrate
buffer solution) for 5 days. Mice were regarded as the
diabetes model if blood glucose levels were higher than
13.9 mmol/L at least for two sequential days. Diabetic
mice were injected with pLIVE-SEAP and pLIVE-CTRP1
plasmids, respectively, as described above. Mice were
continually maintained on HFD for another 30 days.
The non-fasting and fasting blood glucose were detected
every 5 days, and GTT and ITT were performed by the
end of the study.

In the diet-induced obese mouse model, mice were
divided into two groups randomly and fed with HFD for
12 weeks, followed by hydrodynamically injecting with
pLIVE-SEAP or pLIVE-CTRP1 plasmid DNA. The body
weight and food intake were recorded. Blood glucose
tests, GTT, and ITT were performed.

For the paired feeding experiment, mice were caged
individually and randomly into two groups. pLIVE-
SEAP and pLIVE-CTRP1 plasmid was hydrodynamically
injected into these two groups, respectively. CTRP1
treated mice (HFD/CTRP1 group) were fed with HFD
ad libitum. The control mice (treated with SEAP, HFD/
SEAP) were pair-fed to match the food intake of HFD/
CTRP1 mice (average amount of food consumed per
day).

GTTand ITT

In GTT, after 8 h of fasting, the blood glucose level was
measured in mice using glucose testing strips and a blood
glucose determinator (GA-3, Sannuo biosensor Co. Ltd.).
Then the fasting mice were intraperitoneally injected
with 20% body weight glucose, and the blood glucose
was recorded for 30, 60, and 120 min. In ITT, mice fasted
for 6 h, and blood glucose was measured using the same
method as GTT. Then the mice were intraperitoneally
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injected with Humulin (0.75 U/kg of body weight). Blood
glucose was recorded after 30, 60, and 120 min.

Biochemical analysis

The tissue samples were weighed, digested by lysis
solution, homogenized, and treated according to
manufacturers’ instructions. Insulin was detected
using ELISA Kit (Cat. ml001983, Mlbio, Shanghai,
China). The commercial kits were used to detect
serum aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) (Cat. AST03 and ALT03, Ningbo
Purebio Biotechnology Co., Ltd., Ningbo, China), liver
triglyceride (E1013, Applygen Technologies Inc.), total
cholesterol (E1015, Applygen Technologies Inc.) and FFA
(#15781, Diasy Diagnostic Systems, Frankfurt, Germany)
following manufacturers’ instruction.

Histochemical analysis

After being fixed with neutrally buffered 10% formalin
for 24 h, the tissue samples, including livers, pancreas,
and adipose tissues, were embedded with paraffin, cut
into 5 um sections, and stained by H&E. In the Oil-
Red O staining experiment, the liver was embedded
in OCT medium and frozen by liquid nitrogen. After
being equilibrated in a cryostat, the samples were cut
into 10 pm sections. The sections were fixed in neutrally
buffered 10% formalin for 30 min, washed three times,
stained in 0.5% Oil-Red O in 60% isopropanol for 5 min,
counterstained by hematoxylin, washed, and sealed in
neutral gum. All the sections were observed and captured
with an optical microscope-equipped Nikon camera (Cat.
DSU3, Nikon imaging instruments, Japan).

Energy metabolism analysis

Mice were individually placed into an independent closed
metabolic cage. After 1 day of adaption, the metabolism
parameters were measured using Phenomaster (TSE
System, Thuringia, Germany) according to the previous
study [17]. Food and water consumption, animal activity,
the O, volume (VO,), and CO, volume (VCO,) were
recorded. The calculation of VO,, VCO,, respiratory
exchange ratio (RER), and energy expenditure (EE)
referred to our previous study [17]. In brief, EE was
calculated as EE=3.941 x VO, +1.106 x VCO,, and RER
was calculated as RER=VCO, [mL/h/kg]/VO, [mL/h/

kg].

Quantitative real-time PCR

Total RNA of the liver, WAT, and BAT was extracted
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA).
PrimeScript"'RT (Takara Bio) was used for reverse
transcription. SYBR-Green PCR Kit (Qiagen) was used
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Fig. 1 Hydrodynamic gene transfer of CTRPT prevents HFD-induced obesity. A. The concentrations of CTRP1 protein in blood after plasmid
injection; B. Representative pictures of mice at the end of the experiment; C. Mouse growth curve; D. Food intake; E. kcal of food intake in mice.
*significant difference between HFD/SEAP group and Chow group (P < 0.05), #significant difference between HFD/CTRP1 group and HFD/SEAP
group (P<0.05), & significant difference between HFD/CTRP1 group and CHOW group (P <0.05)

for qPCR. GAPDH and p-actin were used as internal
references. The absence of non-specific binding of
primers was verified by blasting. The sequence of
primers, GenBank Accession numbers, expected size of
the amplicon, and annealing temperatures were listed in
the Additional file 1: Table S1.

Western blotting

The total protein of the liver was extracted using RIPA
buffer to extract the total protein, and adipose tissue
total protein was extracted by kit (Cat. BB312262,
BestBio, Shanghai, China). BCA kit was used to measure
the concentration of protein samples. Then the sample
was mixed with 5 x loading buffer (volume ratio=4:1),
incubated at 100 °C for 5 min, and stored at —20 °C.
Equal protein quantities (100 pg) were loaded and
electrophoresed by SDS-PAGE. Then the proteins were
transferred from the gel to the Immobilon-P PVDEF
membrane (Millipore Corp, Billerica, MA, USA) using
Mini-PROTEAN®Tetra System (Bio-Rad, Hercules,
CA, USA) at 200 mA for 90 min. The membrane was

washed and incubated in 5% non-fat milk in 1 x TBST
buffer for 1 h and incubated with the primary antibody
overnight at 4 °C (the dilution ratio is according to
manufacturers’ instructions). Then the membrane
was washed with 1xTBST buffer three times and
incubated with secondary antibody (the dilution ratio is
according to manufacturers’ instructions) for 2 h at room
temperature. After washing, the membrane was detected
using a chemiluminescence imager (3600 Mini, Shanghai
Qinxiang Scientific Instrument Co. Ltd, Shanghai,
China). B-actin was used as an internal reference, and
the protein level of a specific phosphorylated protein was
normalized by its total protein.

Statistical analysis

The data were analyzed using Student’s ¢-test or one-way
ANOVA. The data were analyzed using the Shapiro—
Wilk test and Levene’s test for their normality and
homogeneity. Post-hoc comparisons were performed
using LSD and SNK tests in one-way ANOVA. If the
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Fig. 2 CTRP1 inhibits adipose hypertrophy. A. The morphology of white epididymal fat (EWAT), white perirenal fat (PWAT), and white inguinal
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BAT

PWAT

logarithmically transformed data did not conform to
a normal distribution, Kruskal-WallisH and Mann-
Whitney U tests were used. The data were expressed
as mean+SEM. P<0.05 was considered significant
difference.

Result

Overexpression of CTRP1 prevented HFD-induced body
weight gain

CTRP1 overexpressed mice model was established
by hydrodynamic injection according to the previous
study [17]. The serum CTRP1 protein level peaked at
48 h (~ 15000 pg/mL) and was sustained for more than
8 weeks (Fig. 1A). CTRP1 protein level was kept at
8000 pg/mL at the end of the experiment, which was
approximately 40-fold that of the control group (200 pg/
mL, secreted SEAP gene was delivered into mice as the
control). CCK8 assay showed no significant cytotoxicity
in HepG2 cells after CTRP1 treatment (Additional file 1:
Figure S2). Serum AST and ALT had no significant

change (Additional file 1: Figure S3A), indicating that
overexpression of CTRP1 did not cause liver damage.

The exogenous expression of CTRP1 prevented HFD-
induced body weight gain (Fig. 1B, C). At the 10th week
of injection, the average body weight of mice in the
HFD-fed control group (HFD/SEAP) was 40 g, which
was significantly higher than mice in HFD/CTRP1 group
(~33 g). A significant difference could also be observed
in the body size (Fig. 1B). The average food intake
and calorie intake of mice in the HFD/CTRP1 group
were significantly lower than that in HFD/SEAP group
(Fig. 1D, E, Additional file 1: Figure S3B, C).

CTRP1 treatment prevented HFD-induced adipocyte
hypertrophy

To investigate the impact of CTRP1 on adipose tissue,
different adipose tissues were collected at the end of
the animal experiment. Overexpression of CTRPI
significantly decreased the size and weight of white
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adipose tissue (WAT) and brown adipose tissue
(BAT) (Fig. 2A—C, Additional file 1: Figure S4). Less
accumulation of epididymal WAT (EWAT), perirenal
WAT (PWAT), and inguinal WAT (IWAT) were found
in the CTRP1 treated group compared to that in the
HFD-fed control group (Fig. 2A). H&E staining of
WAT showed that HFD significantly induced adipocyte
hypertrophy, and the size of adipocytes in WAT was
significantly smaller in HFD/CTRP1 group than that in
HED/SEAP group (Fig. 2D, E, Additional file 1: Figure
S4). Similarly, CTRP1 treatment mice also showed fewer
lipids accumulation in BAT (Fig. 2D, E, Additional file 1:
Figure S4). These results indicate that overexpression of
CTRP1 prevents HFD-induced adipocyte hypertrophy.

CTRP1 treatment prevented the development

of HFD-induced fatty liver

Obesity is usually related to the over-accumulation
of fat in the liver. The liver of HFD/CTRP1 mice had
a smaller size and less weight than the HFD control
group (Fig. 3A-C). H&E staining and Oil-Red O
staining showed that CTRPI gene delivery inhibited
the enrichment and enlargement of lipid droplets (LDs)
(Fig. 3A, Additional file 1: Figure S5). The concentrations
of liver triacylglycerols (TG), total cholesterol (TC), and

free fatty acid (FFA) were significantly lower in CTRP1-
overexpressed mice than that in the HFD-fed control
(Fig. 3D—F). These results demonstrate that CTRP1 gene
delivery prevents HFD-induced occurrence of fatty liver.

CTRP1 treatment prevented HFD-induced glucose
intolerance and insulin resistance

HFD-induced obesity wusually disrupts glucose
homeostasis. To examine the effect of CTRP1 on
glucose homeostasis in HFD-fed mice, GTT and ITT
were performed. Fasting blood glucose in HFD/CTRP1
group was significantly lower than that in the HFD
control group (Fig. 4A). GTT assay and calculated
area under the curve (AUC) demonstrated that CTRP1
improved glucose clearance (Fig. 4B, C). In the ITT
assay, CTRP1-treated mice were more sensitive to
insulin injection than the HFD control mice on weeks
8 and 12 (Fig. 4D, Additional file 1: Figure S6). CTRP1
did not significantly affect the insulin secretion of
mouse islets in vitro after glucose challenge (Additional
file 1: Figure S7). The plasma insulin level of mice in
the HFD/CTRP1 group was lower than that in HFD/
SEAP group (Fig. 4E), which demonstrated that CTRP1
improved insulin sensitivity. HOMA-IR also showed
that CTRP1 prevented the development of insulin
resistance (Fig. 4F). These results indicate that CTRP1
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treatment inhibited HFD-induced glucose intolerance
and insulin resistance.

CTRP1 improved glucose homeostasis in STZ-induced type
Il diabetes mice

To further investigate the effect of CTRP1 in T2DM, the
STZ-induced T2DM mice model was established and
treated with CTRP1 (Fig. 5A). GTT assay showed that
overexpression of CTRP1 improved glucose intolerance
in STZ-induced T2DM mice (Fig. 5B, C). ITT assay
demonstrated that CTRP1-treated mice were more
sensitive to insulin than control mice (Fig. 5D). The
concentration of plasma insulin in the STZ/CTRP1 group
was significantly lower than that in STZ/SEAP group
(Fig. 5E). Correspondingly, HOMA-IR also showed that
insulin sensitivity of STZ/CTRP1 mice was improved
compared with the control group (Fig. 5F). The body
weight of CTRP1-treated mice (STZ/CTRP1 group) was
slightly lighter than that of the control group (STZ/SEAP)
but without a statistical difference (Additional file 1:
Figure S8A). The food intake and fasting blood glucose of
mice showed no statistical significance between CTRP1
treated and control groups (Additional file 1: Figure S8B,

C). These results indicate that CTRP1 improves glucose
homeostasis in STZ-induced T2DM.

CTRP1 improved glucose homeostasis in obese mice

Based on the therapeutic effects of CTRP1 on HFD-
induced obesity and STZ-induced T2DM mice, the obese
mouse model was established to investigate whether
CTRP1 can improve glucose metabolism and decrease
body weight. After 12 week HFD feeding, the average
body weight of mice was more than 46 g, indicating the
successful establishment of the obese mouse model
Then the mice were treated by hydrodynamic injection of
CTRPI (Fig. 6A). To test the effect of CTRP1 on glucose
metabolism, GTT and ITT assays were performed after
a 4 week CTRP1 treatment. In the GTT assay, CTRP1-
treated mice showed a higher glucose clearance rate than
control mice (Fig. 6B). The AUC of GTT also confirmed
that CTRP1 improved glucose tolerance (Fig. 6C).
ITT assay showed that CTRP1 increased the insulin
sensitivity of obese mice (Fig. 6D). However, the fasting
plasma insulin levels and HOMA-IR were not significant
between CTRP1 treated and control mice (Fig. 6E, F).
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Overexpression of CTRPI had no significant effects on
the body weight of obese mice (Fig. 6G), as well as the
weight of liver and adipose tissues. CTRP1 treatment
slightly decreased the food intake (P=0.07) (Fig. 6H).
H&E staining showed that the size of liver adipose
droplets and vacuoles were also similar between these
two groups (Fig. 61, J). These results indicate that CTRP1
improves glucose tolerance and insulin sensitivity in
obese mice. However, CTRP1 could not decrease body
weight and hepatic steatosis in obese mice.

CTRP1 enhanced oxygen consumption and energy
expenditure

A metabolic cage assay was performed to investigate the
mechanism underlying the preventing role of CTRP1
in HFD-induced weight gain and metabolic disorders.
Compared to mice in HFD/SEAP group, CTRP1-treated
mice showed more oxygen consumption in the dark
phase (VO, and VCO,, P=0.16 and 0.17, respectively)
(Fig. 7A-D). CTRP1 treatment also increased mice’s
energy expenditure in the dark phase (P=0.16) (Fig. 7E,
F). RER of mice showed no significant difference in
the two groups (Fig. 7G). The activities assay showed
that CTRP1-treated mice were more active in the dark
phase than control mice (Fig. 7H-K). The food intake in

CTRP1-treated mice was less than that in control mice
in the light phase, but there was no significant difference
in the dark phase (Fig. 7L). These results indicate that
CTRP1 enhances oxygen consumption and energy
expenditure.

CTRP1 decreased the food intake of mice and upregulated
leptin

The metabolic cage assay and the HFD-induced obesity
model showed that CTRP1 decreased the food intake of
mice. To confirm the effects of CTRP1 on food intake
and appetite, we performed a paired feeding experiment.
The CTRP1 treated mice were ad libitum fed with
HFD, while the control group was restricted fed with
the same amount of food given to CTRP1 treated mice
for 10 weeks. The body weight showed no difference
between the HFD/SEAP group and the HFD/CTRP1
group during the period of paired feeding (Fig. 8A-C).
When the food restriction was withdrawn at week 10,
the food intake of the HFD/SEAP group was significantly
increased and higher than that of the HFD/CTRP1
group (Fig. 8A, B, D). This result indicated that CTRP1
prevented body weight gain by decreasing food intake. To
investigate the underlying mechanism, the serum leptin
level was tested. The leptin level in the blood circulation
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of CTRP1-treated mice was significantly increased
compared with the control group (Fig. 8E). The mRNA
levels of appetite-related genes in the hypothalamus
and intestine were also detected. The expression of Agrp
was down-regulated, but no significant difference was
observed (P=0.16, Additional file 1: Figure S9). These
results suggested that CTRP1 inhibited food intake and
appetite by upregulating the level of leptin.

CTRP1 changes the expression of glucose and lipid
metabolism-related genes

The expression of glucose and lipid metabolism-related
genes was determined to find the underlying mechanisms
of CTRP1 in preventing HFD-induced obesity and
metabolic disorders. Compared to the HFD control
group, CTRPI gene transfer significantly down-regulated

the expression of some lipogenic genes, including Accl,
Cd36, and Mgatl (Fig. 9A). CTRP1 treatment increased
the expression of lipolysis and p oxidation-related genes,
including Atgl, Cpt1p, Acadl, and Acadm (Fig. 9B). It was
also observed that some genes were up-regulated, which
are responsible for glucose uptake, gluconeogenesis,
glycogen synthesis, and lipogeneses, such as Glut2, Gép,
Gys2, Acly, Fas, Elovl6, and Pparyl (Fig. 9A-C). These
results indicate that lipogenesis, lipolysis, and glycolysis
are involved in the glucose and lipid homeostasis of
HFD-fed mice after CTRP1 treatment.

CTRP1 regulated the genes expression of inflammation
and thermogenesis

The upregulation of oxygen consumption and energy
expenditure in CTRP1 treated mice suggested the role
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of CTRP1 in regulating thermogenesis. The effect of
CTRP1 on thermogenesis was investigated by detecting
the expression of thermogenesis-related genes. Pgcla and
Ucp2 in BAT of CTRPI-treated mice were significantly
up-regulated compared with control mice (Fig. 9D),
suggesting that CTRP1 increased the thermogenesis of
mice.

Inflammation also plays an important role in HFD-
induced obesity and metabolic disorder. Results from the
qPCR analysis showed that inflammatory genes F4/80,
Cd11b, and Cdllc were significantly inhibited in the
WAT of CTRP1/HFD mice, compared with that in the
control group (Fig. 9E), while Tnf-a and Il-1 showed
no significance between these two groups (Fig. 9E).
These data indicate that CTRP1 prevents HFD-induced
inflammation in white adipose tissue.

CTRP1 activated AMPK, PI3K/AKT, and ERK pathway in HFD
mice

Metabolic disturbances may attribute to the disruption
of multiple important signaling pathways, including

energy sensor and metabolic center pathway—AMPK
pathway [18], important insulin sensitivity and
metabolism-related pathway—Akt pathway [19], and
glucose metabolism-related pathway—ERK pathway
[20]. Results in Western Blot analysis showed that the
phosphorylation level of AMPK was upregulated in the
EWAT and liver of CTRP1 treated mice compared with
control mice (Fig. 10A, D). The expression of AMPK
upstream genes LKB1 in the HFD/CTRP1 group was
also slightly up-regulated compared with the control
group (P=0.2) (Additional file 1: Figure S10). CTRPI
gene transfer increased the phosphorylation level of
AKT in EWAT (Fig. 10B), while no significant difference
was observed in the liver (Fig. 10E). CTRP1 treatment
decreased the phosphorylation of ERK in EWAT and
the liver (Fig. 10C, F). These results suggest that CTRP
could regulate glucose and lipid metabolism in the liver
and EWAT by modulating the AMPK, AKT, and ERK
pathways.
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Discussion

In this study, we demonstrated the therapeutic effects
of CTRP1 in improving glucose homeostasis and
preventing HFD-induced obesity, hyperglycemia, insulin
resistance, and fatty liver in multiple metabolic disorder
models. The increase in energy expenditure and reduced
caloric intake may be involved in the physiological
effects of CTRP1. Mechanistically, CTRP1 increased the
protein level of leptin, upregulated the gene expression
involved in thermogenesis, lipolysis, and glycolysis, and
downregulated the expression of inflammatory genes.
Moreover, CTRP1 activated AMPK and PI3K/Akt
signaling pathways and inhibited ERK signaling pathways
(Fig. 11). These results imply the important therapeutic
role of CTRP1 and the potential to serve as a target in
treating metabolic diseases.

Consistent with our findings, previous studies also
verify the beneficial effects of CTRP1 in improving
glucose homeostasis. Ctrpl transgenic mice showed
better glucose homeostasis, and Ctrpl KO mice showed
increased gluconeogenesis and insulin resistance in
LFD-fed mice [16]. CTRP1 recombination protein
also decreased blood glucose in wild mice [5]. Multiple
mechanisms might be involved. Firstly, CTRP1 may
improve glucose homeostasis through AKT signaling
pathways. CTRP1 activated AKT signaling pathways in
muscle myoblast C2C12 cells [5, 14], which increased
glucose uptake and glycolysis. A clinical study showed
that CTRP1 could inhibit the phosphorylation of IRS-
1, a well-known upstream protein of AKT, to improve
insulin resistance [15]. Our result also demonstrated
that CTRP1 enhanced the phosphorylation of AKT
in EWAT (Fig. 10B). Overexpression of CTRP1
increased the glucose uptake gene Glut2, glycogenic
gene Gys2 (Fig. 9C), suggesting the enhancement of
insulin sensitivity and glucose metabolism after CTRP1
treatment. Secondly, CTRP1 might treat metabolic
disorders by inhibiting the activation of macrophages
and inflammation [21]. Previous studies showed that
LPS (a proinflammatory substance) and oxidized LDL
(oxLDL) could up-regulate the expression of Ctrpl in
mice [6, 21]. CTRP1 inhibited the expression of IL-6
and IL-1f and phosphorylation of NF-kB via the SP1/
cAMP axis [22]. Knockdown of CTRP1 increased the
protein level of TNF-«, NF-KB, and IL-1p induced by
oxygen and glucose deprivation and reperfusion, and
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recombinant CTRP1 inhibited this induction [23]. The
conclusions of the previous evidence are consistent with
our results that CTRP1 significantly down-regulated the
expression of inflammatory genes Cdl1b and Cdllic in
WAT and macrophage marker gene F4/80 (Fig. 9E). The
development of crown-like structures in white adipose
tissue was also blocked by CTRP1 treatment (Fig. 2D),
indicating the blockage of macrophage infiltration and
migration to WAT. As inflammation plays an important
role in obesity and multiple metabolic complications, the
anti-inflammation functions of CTRP1 may contribute to
the beneficial effects of CTRP1 on glucose homeostasis
as well as other metabolic disturbances in this study
(Fig. 11). In addition, the phosphorylation of AMPK
was up-regulated by CTRP1 (Fig. 10A, D). As an energy
sensor, AMPK could activate GLUT4 and promote
the transcription of G6P, PEPCK, PGC-Ia, Gys, and
GLUT# [18], which consist of the up-regulation of Gép
and Gys2 (Fig. 9C). Moreover, CTRP1 also inhibited the
phosphorylation level of ERK (Fig. 10C, F). FIt is reported
that activation of the ERK pathway was related to glucose
metabolic disorder and systemic insulin resistance, which
may result from the transcriptional inhibition of G6P and
PEPCK [20, 24].

The finding that CTRP1 prevented HFD-induced
obesity, adipose hypertrophy, and fatty liver is consistent
with previous studies. It was previously shown that the
body weight of Ctrpl transgenic mice was lower than
wild-type mice when fed with HFD [13]. In our research,
the body weight of CTRP1-treated mice was significantly
lower than HFD-fed control mice, as well as the liver and
multiple white adipose tissues (Figs. 1-3). CTRP1 also
had a beneficial effect on fatty liver and hepatic steatosis
(Fig. 3). This is consistent with a previous study that the
knockout of Ctrpl caused a significant TG accumulation
and steatosis in the liver of HFD-fed mice [16]. Moreover,
we found that the expression of lipid metabolic genes
was changed: De novo fatty acids synthesis gene Accl
and lipid uptake gene Cd36 was decreased; Rate limiting
enzyme of triglyceride hydrolysis Atgl and rate-limiting
enzyme of fatty acid oxidant Cpt1f, Acadm, Acadl was
increased (Fig. 9B). These changes at the transcriptional
level may result from the activation of AMPK (Fig. 10D).
AMPK inhibits SREBP-1c to increase the transcription
level of AccI and decreases the phosphorylation of ACCI1,
thereby inhibiting the downstream signal like Cpt1f [18,

(See figure on next page.)

Fig. 9 The regulation of hydrodynamic gene transfer CTRPT on related genes in liver and adipose tissue in high-fat diet-induced obesity model.
A.The expression of lipogenesis genes in the liver; B. The expression of lipolysis and 3 oxidation-related genes in the liver; C. The expression of
glycogen synthesis genes in the liver; D. The expression of thermogenesis genes in BAT; E. The expression level of inflammation genes in EWAT. The
data were analyzed by one-way ANOVA and compared in pairs. The data were displayed by mean £ SEM (n=5), *P<0.05
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Fig. 10 The regulation of AKT, AMPK, and ERK by CTRP1 in the liver and white adipose tissue. A. Western blotting of AMPK and P-AMPK in EWAT;
B. Western blotting analysis of AKT and P-AKT in EWAT; C. Western blotting analysis of ERK and P-ERK in EWAT; D. Western blotting analysis of AMPK
and P-AMPK in the liver; E. Western blotting analysis of AKT and P-AKT in the liver; F. Western blotting analysis of ERK and P-ERK in the liver. The data

25]. Previous studies also indicated that CTRP1 enhanced
the phosphorylation of AMPK and ACC in skeletal
muscle and activated fat oxidation ex vivo [13, 14].
Energy expenditure is also an important factor in
the development of obesity [26]. Consistent with the
previous study [13], our results demonstrated that the O,
consumption, CO, production, and energy expenditure
were elevated in mice of the HFD/CTRP1 group (Fig. 7).
Moreover, thermogenic genes also increased in BAT after
CTRP1 treatment (Fig. 9D). These suggested that enhanced
lipid metabolism and energy consumption contributed to
the beneficial effect of CTRP1 in the reduction of adipose
hypertrophy and hepatic steatosis. In addition, we observed
that overexpression of CTRPI reduced the food intake
of mice (Fig. 1E, 7L, 8). The paired feeding experiment
showed that the body weight gain of HFD-fed control
mice was similar to CTRP1-treated mice when the paired
amount of food was given (Fig. 8A—C). After withdrawing
from the restricted food supply, the body weight gain
of control mice elevated and showed significantly faster
growth than CTRP1 treated mice (Fig. 8A, B, D). Further,
the up-regulation of serum leptin was demonstrated in
HED/CTRP1 group mice (Fig. 8E), suggesting CTRP1
suppressed appetite through leptin. Kubota et al also
found that adiponectin could activate AMPK in the
arcuate hypothalamus via adipoR1 [27]. However, the
transgenic mouse models did not show the appetite-related

function of CTRP1 [13, 14, 16]. The circulation level of
CTRP1 is higher in our experiment than in transgenic
mice [28], which may cause different effects of CTRP1
on the appetite. More study is needed to investigate the
mechanism of CTRP1 in appetite regulation and the causal
relation between leptin and obesity after CTRP1 treatment.

CTRP1 significantly prevented the development of
adipose hypertrophy and hepatic steatosis in HFD-fed
mice (Fig. 2D, 3A), but it did not considerably lose weight
in obese mice (Fig. 6G). The phosphorylation of AKT was
upregulated in EWAT after CTRP1 treatment but not
in the liver (Fig. 10B, E). Previous studies also observed
controversial evidence between glucose metabolism
and lipid clearance in Ctrpl KO mice and transgenic
mice: Ctrpl transgenic mice maintained better glucose
homeostasis and lipid homeostasis via AMPK and AKT
pathways [13, 14]. Knockout of CTRP1 impaired glucose
homeostasis and caused liver steatosis in LFD-fed mice
[16]. However, the knockout of CTPR1 improved the lipid
metabolism of HFD-fed mice, which may result from the
up-regulation of Scd1, Cd36, and Ppary [16]. We also found
that some lipogenesis genes (Acly, Fas, Elovl6, and Pparyl)
were up-regulated in our study (Fig. 9A). In addition, the
protein level of GLUT4, AMPK, and phosphorylation
level of AMPK was decreased in skeletal muscle of LFD-
fed CTRP1 KO mice, but phosphorylation level of AMPK
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was up-regulated in the liver in HFD-fed Ctrpl KO mice
[16]. These results suggested that the functions of CTRP1
in regulating lipid metabolism were various in different
animal models and pathological statuses.

Hydrodynamic gene delivery of CTRP1 gene generated
long-term anti-diabetic effects and beneficial effects in
preventing HFD-induced obesity and fatty liver, indicating
that CTRP1 has the therapeutic potential in maintaining
glucose homeostasis and treating obesity-related metabolic
disorders. However, the molecular mechanisms and
clear signaling pathways of CTRP1 in preventing obesity,
glucose tolerance, and fatty liver remain unclear, as well
as the underlying mechanisms of CTRP1 in regulating
food intake, inflammation, and thermogenesis. Further
studies are needed to investigate the mechanisms of
CTRP1 in regulating metabolic homeostasis and appetite.
Moreover, the hydrodynamic injection strategy is a physical
method of gene delivery to the liver [13, 14, 29]. The
overexpressed CTRP1 protein can secrete into the blood
and distribute to multiple tissues. CTRP1 was associated
with adverse cardiovascular events [30] and was reported
to prevent pathological vascular remodeling [31]. CTRP1
also prevented cardiac and renal disease [32, 33]. Further
studies are needed to investigate the function of CTRP1
in different animal models, as well as the long-term effects
and side effects of CTRP1 in multiple organs, such as
cardiovascular systems, bone, muscle, and neurometabolic
systems. This will help us better to understand its
mechanism at deeper levels.

Conclusion

This study demonstrates that the hydrodynamic injection
of CTRP1 improves glucose homeostasis and prevents
HEFD-induced obesity, adipose hypertrophy, and fatty liver
due to upregulated energy expenditure, thermogenesis,
lipolysis, and reduced inflammation and food intake. The
beneficial effects of CTRP1 are related to modulation of
the activity of AMPK, AKT, and upregulation of leptin,
suggesting CTRP1 may serve as a target in treating
metabolic diseases, as well as the potential use of CTRP1
by gene transfer for the treatment of metabolic diseases.
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disease; LFD: Low-fat diet; KO: Knockout; FFA: Free fatty acid; RER: Respiratory
exchange ratio; EE: Energy expenditure.

Page 16 of 17

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512967-022-03672-5.

Additional file 1: Table S1. Primer list. Table S2. Blood index. Figure
S1.The map of the constructs. Figure S2. ALT, AST, and food intake in
the HFD fed mice. A. ALT and AST in mice serum at the 11" week of the
experiment; B. food intake; C. food intake (kcal). Figure S3. Cell viability
was detected by CCK8 assay. Figure S5. Full view of H&E staining of WAT
and BAT. Figure S5. Full view of H&E staining and Oil-Red O staining of
liver tissue. Figure S6. ITT in wight control model on week 8. Figure S7.
Glucose-stimulated insulin secretion test in vitro. Figure S8. Body weight,
food intake, and fasting blood glucose in STZ-induced T2DM mice. A.
The curve of body weight of STZ treated mice; B. Food intake; C. Fasting
blood glucose. Figure S9. The expression of appetite related genes in the
hypothalamus (A) and intestine (B). Figure $10. The expression level of
upstream regulatory genes of AMPK in liver tissue.

Acknowledgements
Not applicable

Author contributions

Conceptualization, CZ; methodology, MR, JP, XY, KC, and XY; investigation, CZ;
writing—original draft, KC and CZ; writing—review & editing, CZ; funding
acquisition, CZ; supervision, CZ. All authors read and approved the final
manuscript.

Funding

Financial support was provided by the National Natural Science Foundation
of China (NSFC-81860662, NSFC-82160259, NSFC-31771400, NSFC-
81501129, NSFC-81728006), Natural Science Foundation of Jiangxi Province
(20212ACB206039, 20171ACB21001, 20171BCB23029, 20161BAB215200).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The animal protocol used was approved by the Animal Ethics Committee of
Nanchang University.

Consent for publication
Not applicable.

Competing interests
The authors declare that there are no conflicting interests.

Received: 1 July 2022 Accepted: 25 September 2022
Published online: 04 October 2022

References

1. Seldin MM, Tan SY, Wong GW. Metabolic function of the CTRP family of
hormones. Rev Endocr Metab Disord. 2013;15:111-23.

2. Wong GW, Wang J, Hug C, Tsao T-S, Lodish HF. A family of Acrp30/
adiponectin structural and functional paralogs. Proc Natl Acad Sci.
2004;101:10302-7.

3. Jeon JH, Ky Kim, Kim JH, Baek A, Cho H, Lee YH, Kim JW, Kim D, Han SH,
Lim JS, et al. A novel adipokine CTRP1 stimulates aldosterone production.
FASEB J. 2008;22:1502-11.

Jiang W, LiW, Hu X, Hu R, Li B, Lan L. CTRP1 prevents sepsis-induced
cardiomyopathy via Sirt1-dependent pathways. Free Radical Biol Med.
2020;152:810-20.

5. Wong GW, Krawczyk Sarah A, Kitidis-Mitrokostas C, Revett T,

Gimeno R, Lodish Harvey F. Molecular, biochemical and functional


https://doi.org/10.1186/s12967-022-03672-5
https://doi.org/10.1186/s12967-022-03672-5

Ren et al. Journal of Translational Medicine

20.

21.

22.

23.

24.

25.

26.

(2022) 20:449

characterizations of C1g/TNF family members: adipose-tissue-selective
expression patterns, regulation by PPAR-y agonist, cysteine-mediated
oligomerizations, combinatorial associations and metabolic functions.
Biochem J. 2008;416:161-77.

Kim K-y, Kim HY, Kim JH, Lee C-H, Kim D-H, Lee YH, Han SH, Lim J-S, Cho
DH, Lee M-S, et al. Tumor necrosis factor-a and interleukin-13 increases
CTRP1 expression in adipose tissue. FEBS Lett. 2006,;580:3953-60.
Chalupova L, Zakovska A, Adamcova K. Development of a novel enzyme-
linked immunosorbent assay (ELISA) for measurement of serum CTRP1.
Clin Biochem. 2013;46:73-8.

Xu A, Pan X, LuT,WuF, Jin L, Zhang Y, Shi L, Li X, Lin Z. Circulating
complement-C1q TNF-related protein 1 levels are increased in patients
with type 2 diabetes and are associated with insulin sensitivity in chinese
subjects. PLoS ONE. 2014;9:94478.

XinY, Lyu X, Wang C, FuY, Zhang S, Tian C, Li Q, Zhang D. Elevated
circulating levels of CTRP1, a novel adipokine, in diabetic patients. Endocr
1.2014,61:841-7.

Vinciguerra M, Shabani P, Naeimi Khaledi H, Beigy M, Emamgholipour S,
Parvaz E, Poustchi H, Doosti M. Circulating level of CTRP1 in Patients with
Nonalcoholic Fatty Liver Disease (NAFLD): is it through insulin resistance?
Plos ONE. 2015;10:e0118650.

. Barbieri D, Goicoechea M, Sénchez-Nino MD, Ortiz A, Verde E, Verdalles

U, Pérez de José A, Delgado A, Hurtado E, Sénchez-Cémara L, et al.
Obesity and chronic kidney disease progression—the role of a new
adipocytokine: C1g/tumour necrosis factor-related protein-1. Clin Kidney
J.2019;12:420-6.

Park R, Jang M, Park Y-I, Park Y, Namkoong S, Lee JI, Park J. Elevated levels
of CTRP1 in obesity contribute to tumor progression in a p53-dependent
manner. Cancers. 2021;13:3619.

Peterson JM, Aja S, Wei Z, Wong GW. CTRP1 protein enhances fatty acid
oxidation via AMP-activated protein kinase (AMPK) activation and acetyl-
CoA carboxylase (ACC) inhibition. J Biol Chem. 2012;287:1576-87.

Han'S, Park JS, Lee S, Jeong AL, Oh KS, Ka HI, Choi H-J, Son W-C, Lee

W-Y, Oh SJ, et al. CTRP1 protects against diet-induced hyperglycemia

by enhancing glycolysis and fatty acid oxidation. J Nutr Biochem.
2016;27:43-52.

XinY, Zhang D, FuY,Wang C, Li Q Tian C, Zhang S, Lyu X. C1gTNF-related
protein 1 improve insulin resistance by reducing phosphorylation of
serine 1101 in insulin receptor substrate 1. Endocr J. 2017,64:787-96.
Rodriguez S, Lei X, Petersen PS, Tan SY, Little HC, Wong GW. Loss of CTRP1
disrupts glucose and lipid homeostasis. Am J Physiol Endocrinol Metab.
2016;311:E678-97.

Lu B, Zhong J, Pan J, Yuan X, Ren M, Jiang L, Yang Y, Zhang G, Liu D,
Zhang C. Gdf11 gene transfer prevents high fat diet-induced obesity and
improves metabolic homeostasis in obese and STZ-induced diabetic
mice. J Transl Med. 2019;17:422.

Hardie DG, Ross FA, Hawley SA. AMPK: a nutrient and energy sensor that
maintains energy homeostasis. Nat Rev Mol Cell Biol. 2012;13:251-62.
James DE, Stockli J, Birnbaum MJ. The aetiology and molecular landscape
of insulin resistance. Nat Rev Mol Cell Biol. 2021;22:751-71.

Jiao P, Feng B, Li Y, He Q, Xu H. Hepatic ERK activity plays a role in energy
metabolism. Mol Cell Endocrinol. 2013;375:157-66.

Wang XQ, Liu ZH, Xue L, Lu L, Gao J, Shen Y, Yang K, Chen QJ, Zhang RY,
Shen WF. C1g/TNF-related protein 1 links macrophage lipid metabolism
to inflammation and atherosclerosis. Atherosclerosis. 2016;250:38-45.
Yuasa D, Ohashi K, Shibata R, Mizutani N, Kataoka Y, Kambara T, Uemura
Y, Matsuo K, Kanemura N, Hayakawa S, et al. C1g/TNF-related protein-1
functions to protect against acute ischemic injury in the heart. FASEB J.
2015;30:1065-75.

Wang H, Liu Q, Zhang X. C1g/tumor necrosis factor-related protein-1
attenuates microglia autophagy and inflammatory response by
regulating the Akt/mTOR pathway. Life Sci. 2020,256:117992.

Schmoll D, Grempler R, Barthel A, Joost H-G, Walther R. Phorbol ester-
induced activation of mitogen-activated protein kinase/extracellular-
signal-regulated kinase kinase and extracellular-signal-regulated protein
kinase decreases glucose-6-phosphatase gene expression. Biochem J.
2001;357:867.

Garcia D, Shaw RJ. AMPK: mechanisms of cellular energy sensing and
restoration of metabolic balance. Mol Cell. 2017;66:789-800.

Hill JO, Wyatt HR, Peters JC. Energy balance and obesity. Circulation.
2012;126:126-32.

27.

28.

29.

30.

31

32.

33.

Page 17 of 17

Kubota N, Yano W, Kubota T, Yamauchi T, Itoh S, Kumagai H, Kozono H,
Takamoto I, Okamoto S, Shiuchi T, et al. Adiponectin stimulates AMP-
activated protein kinase in the hypothalamus and increases food intake.
Cell Metab. 2007;6:55-68.

Bell JB, Podetz-Pedersen KM, Aronovich EL, Belur LR, Mclvor RS, Hackett
PB. Preferential delivery of the sleeping beauty transposon system to
livers of mice by hydrodynamic injection. Nat Protoc. 2007;2:3153-65.
Kruse RL, Huang Y, Shum T, Bai L, Ding H, Wang ZZ, Selaru FM, Kumbhari
V. Endoscopic-mediated, biliary hydrodynamic injection mediating
clinically relevant levels of gene delivery in pig liver. Gastrointest Endosc.
2021;,94:1119-1130.e1114.

Muendlein A, Leiherer A, Saely C, Ebner J, Geiger K, Brandtner EM,
Vonbank A, Fraunberger P, Drexel H. The novel adipokine CTRP1

is significantly associated with the incidence of major adverse
cardiovascular events. Atherosclerosis. 2019;286:1-6.

Kanemura N, Shibata R, Ohashi K, Ogawa H, Hiramatsu-Ito M, Enomoto
T,Yuasa D, Ito M, Hayakawa S, Otaka N, et al. C1g/TNF-related protein

1 prevents neointimal formation after arterial injury. Atherosclerosis.
2017;257:138-45.

Chen H, Gao L, Huang Z, Liu Y, Guo S, Xing J, Meng Z, Liang C, Li Y, Yao R,
et al. C1gTNF-related protein 1 attenuates doxorubicin-induced cardiac
injury via activation of AKT. Life Sci. 2018;207:492-8.

Li W, Cheng F, Songyang Y-y, S-y-s Yang, Wei J, Ruan Y. CTRP1 attenuates
UUO-induced renal fibrosis via AMPK/NOX4 pathway in mice. Curr Med
Sci. 2020;40:48-54.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	CTRP1 prevents high fat diet-induced obesity and improves glucose homeostasis in obese and STZ-induced diabetic mice
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Materials and methods
	Plasmids
	Antibodies and reagents
	Animal experiment and procedure
	GTT and ITT
	Biochemical analysis
	Histochemical analysis
	Energy metabolism analysis
	Quantitative real-time PCR
	Western blotting
	Statistical analysis

	Result
	Overexpression of CTRP1 prevented HFD-induced body weight gain
	CTRP1 treatment prevented HFD-induced adipocyte hypertrophy
	CTRP1 treatment prevented the development of HFD-induced fatty liver
	CTRP1 treatment prevented HFD-induced glucose intolerance and insulin resistance
	CTRP1 improved glucose homeostasis in STZ-induced type II diabetes mice
	CTRP1 improved glucose homeostasis in obese mice
	CTRP1 enhanced oxygen consumption and energy expenditure
	CTRP1 decreased the food intake of mice and upregulated leptin
	CTRP1 changes the expression of glucose and lipid metabolism-related genes
	CTRP1 regulated the genes expression of inflammation and thermogenesis
	CTRP1 activated AMPK, PI3KAKT, and ERK pathway in HFD mice

	Discussion
	Conclusion
	Acknowledgements
	References




