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Abstract

Introduction: Thrombospondin 1 (THBS1) is a highly ex-
pressed adipokine in adults with obesity. In the present
study, we aimed to investigate the clinical significance of
THBSTin children with obesity and nonalcoholic fatty liver
disease (NAFLD) and determine the effect of metformin on
THBS1 expression in dietary-induced obese (DIO) mice.
Methods: A cross-sectional study was conducted among 78
obese children and 35 nonobese children. Anthropometric
parameters, clinical data, and circulating THBS1 levels were
measured. The expression of THBS1 was detected in the se-
rum and liver tissue from diet-induced obese mice (C57BL/6)
with or without metformin treatment. Results: Higher THBS1
levels were observed in children with NAFLD and higher
SDS-BM. Individualsin the higher THBS1 quartile had a high-
er prevalence of hypo-high-density lipoprotein cholesterol
(HDL-C). Logistic regression analysis showed a significant
correlation between THBS1 and NAFLD, as well as between
hip circumference and leptin levels. Receiver-operating

characteristic (ROC) analysis revealed that THBS1 was a more
sensitive predictor of NAFLD than leptin. Additionally, met-
formin ameliorated hepatic steatosis and decreased hepatic
THBS1 expression in high-fat diet (HFD)-fed mice. Conclu-
sions: Circulating THBS1 level may be a risk factor for NAFLD
in obese children. Our findings provided a novel approach of
metformin administration for the prevention and treatment
of NAFLD. This study also confirmed that metformin de-
creased the expression of hepatic THBS in DIO mice.

© 2022 S. Karger AG, Basel

Introduction

Childhood obesity has reached an epidemic level
worldwide, posing a serious threat to public health [1, 2].
Childhood obesity is a major risk factor for metabolic-
associated fatty liver disease (MAFLD), previously called
nonalcoholic fatty liver disease (NAFLD) [3]. Herein,
NAFLD will be referred to MAFLD. Currently, MAFLD
is the most common chronic hepatopathy in children and
adults worldwide [4] and is a multispectrum disease that
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ranges from simple fatty liver to nonalcoholic steatohep-
atitis (NASH) and fibrosis. The overall global prevalence
of fatty liver disease in children with obesity is signifi-
cantly higher than that in children with a normal weight
[3, 4]. Furthermore, 45% of adolescents with obesity are
estimated to have fatty liver disease in China [5].

Thrombospondin 1 (THBS1), also known as TSP-1,
was initially identified in megakaryocytes and platelets
[6]. However, recently, THBS1 was shown to be highly
expressed in many tissues, including adipose and fibrotic
tissue [7]. Thrombospondin 1 belongs to a family of gly-
coproteins that regulate transforming growth factor-f ac-
tivity and display diverse biological activities, such as ac-
tivation of angiogenesis, inflammation, cellular adhesion,
migration, and growth. Varma et al. [8] have reported
that THBS1 is a highly expressed adipokine in obese in-
dividuals and is correlated with adipose inflammation.
Thrombospondin 1-null mice were protected from high-
fat diet (HFD)-induced muscle fibrosis and insulin (INS)
resistance [9]. Choline-deficient L-amino acid-defined
HFD-fed THBS1-deficient mice exhibited a decrease in
serum lipid levels and hepatic fibrosis compared with
wild-type mice fed with choline-deficient L-amino acid-
defined HFD [10].

Recently, increasing studies have shown that metfor-
min is effective in treating obesity, NAFLD, metabolic
syndrome (MetS), and even cancer [11, 12]. Metformin is
a well-known oral antidiabetic drug that inhibits hepatic
glucose output, enhancing lipolysis [13]. Interestingly,
metformin is also known to increase THBS-1 synthesis in
the serum of women with polycystic ovary syndrome
(PCOS) and in certain cell types [14]. However, some
studies have shown that metformin treatment results in a
decrease in THBSI expression in cultured endothelial
precursor cells [15]. Limited data are available on the role
of metformin in the expression of hepatic THBSI in
NAFLD.

To date, very few studies have investigated the rela-
tionship between obesity or NAFLD and serum THBSI
levels in obese children. To the best of our knowledge,
THBS1 has not been studied in children with obesity and
NAFLD compared to those without NAFLD. Therefore,
the current study aimed to investigate the circulating
THBS1 level in children with obesity and examine the as-
sociation between serum THBSI levels and NAFLD or
metabolic syndrome’s components in obese children.
More importantly, we also investigated the possibility of
using circulating THBS1 levels for the diagnosis of child-
hood NAFLD. In addition, we assessed the THBSI1 ex-
pression in the serum and hepatic tissues of mice fed an
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HFD. We also utilized an obesity-associated fatty liver
disease mouse model to assess the effects of metformin
and to further characterize the THBS1 expression in re-
sponse to metformin.

Methods

Human Subjects

A total of 78 obese Chinese children were consecutively en-
rolled at the Clinic of the Pediatric Department of the Second Af-
filiated Hospital of Xi’an Jiaotong University, and 35 children with
a BMI below the 85th percentile were recruited as controls based
on the BMI reference values for Chinese children [16]. The sub-
jects were not taking any medications and were without acute,
chronic infectious diseases, autoimmune diseases, endocrine dis-
orders, or genetic obesity syndromes. All participants and their
parents agreed to participate in the study and provided signed in-
formed consent.

Diagnosis of NAFLD/NASH

An SC5-1U ultrasound scanner (Reason 7 ultrasound system,
Mindray) was used for hepatic steatosis screening in obese chil-
dren. Three ultrasonographic grades were used to diagnose fatty
liver (none, mild, and severe), based on the degree of echogenicity
of the liver and kidney parenchyma. Obese children were defined
as having NASH as they had elevated alanine aminotransferase
(ALAT) (>5 times the upper limit of normal) and were diagnosed
with fatty liver using abdominal ultrasound. All ultrasound ex-
aminations for obese children were performed by the same person
with the appropriate qualifications and experience with the same
device and scanner.

Anthropometric Data Collection

The height, weight, waist circumference (WC), hip circumfer-
ence (HC), systolic blood pressure (SBP), and diastolic blood pres-
sure (DBP) were measured using an oscilloscopic sphygmoma-
nometer and SDS-BMI and waist-to-hip ratio (WHR) were calcu-
lated foreach child. Accordingto the Tanner criteria, all participants
were divided into the prepubertal and pubertal groups. Hyperten-
sion was defined as the SBP or DBP greater than the 95th percentile
based on the BP reference standards for Chinese children [17].

Laboratory Assay Methods

Blood samples were drawn and collected from the antecubital
vein at 8:00 a.m. in the next morning after 12 h fasting. Serum was
separated by centrifugation and aliquoted into small vial. Circulat-
ing levels of fasting plasma glucose, total cholesterol (TC), triglyc-
eride (TG), high-density lipoprotein cholesterol (HDL-C), low-
density lipoprotein (LDL) cholesterol, ALAT, and aspartate ami-
notransferase (ASAT) were determined using an autoanalyzer
(Hitachi 747; Hitachi, Tokyo, Japan) as described previously [18,
19]. Fasting INS levels were measured using radioimmunoassay
instrument (BeiFang Systems, Beijing, China). Nonesterified fatty
acids were using a commercial enzymatic kit (Applygen Technol-
ogies Inc., Beijing, China). The human leptin, adiponectin, oxi-
dized LDL (0x-LDL), intercellular adhesion molecule 1 (ICAM-1),
endothelial cell-specific molecule 1 (ESM1), Wnt family member
5A (Wnt5a), and THBS1 concentrations in serum were measured
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using an enzyme-linked immunosorbent assay kit (Excell, Shang-
hai, China), all with interassay and intraassay coefficients of varia-
tion less than 10%.

Animals

Three-week-old male C57BL/6 mice were obtained from the
Animal Center of the Xi’an Jiaotong University. The study was
conducted according to the ARRIVE guidelines. Mice were fed
with an HFD (n = 11) with 47.5% of total calories from fat or a
normal chow diet (NCD, n = 8) as described previously [20]. Mice
fed with HFD after 12 weeks were treated with metformin (n = 5)
(150 mg/kg/day; intraperitoneal; Bristol-Myers Squibb Company)
or 0.9% saline for 4 weeks (n = 6). Metformin was dissolved in 0.9%
saline and administered daily via intraperitoneal injection at 9:00
a.m. All mice were housed in a specific pathogen-free facility with
controlled room temperature and humidity (22°C; 60% relative
humidity). All mice were maintained on a 12:12-h light-dark cycle
and food and water were provided ad libitum. These experiments
were approved by the Committee of Animal Research at Xi’an
Jiaotong University and the recommendations of the Guide for the
Care and Use of Laboratory Animals of the National Institutes of
Health (No. 2021-962). Following the feeding or treatment regi-
men, the mice were sacrificed and blood and tissue samples after
8 h of fasting (at 8:00 a.m.) were collected. Liver tissues were iso-
lated and weighted at 15 or 19 weeks of age. Three to six male mice
were used in each group, and the experiments were performed
twice. TC, TG, ALAT, and ASAT were determined as described in
a previous study [19].

H&E Staining and Immunohistochemistry

Paraffin-embedded hepatic tissue specimens were cut into
5-um-thick sections. The accumulation of lipids in the liver tissues
was detected using H&E staining. Surplus sections were dewaxed
and dehydrated with dimethylbenzene and ethanol at different
concentrations for immunohistochemical analysis. The THBS1
staining was performed according to the protocol as described pre-
viously [20]. An antimouse THBS1 antibody (Elabscience Biotech-
nology) was used for immunohistochemistry. A 3DHISTECH
Pannoramic Viewer (Hungary) was used to scan and capture H&E
and immunohistochemical stained images. Image-Pro Plus 6.0
software (Media Cybernetics) was used to analyze and quantify the
adipocyte size and percentage of the positive area in relation to the
total area.

Total Protein Extraction and Western Blot Analysis

Total protein was isolated from approximately 50 mg samples
of epididymal white adipose and liver tissue using TRIzol (Ambi-
on) reagent, according to the manufacturer’s protocols. The total
extracted protein was then measured using the BCA Protein Assay
Kit (Thermo Fisher) and western blotting was performed accord-
ing to the manufacturer’s protocol, as previously described [19].
Further, 50 ug of denatured protein was separated by 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis using running
buffer. The gel was subsequently blotted onto polyvinylidene diflu-
oride membranes. Primary antibodies against THBS1 (Cat#37879)
were purchased from Cell Signaling Technology. Antitubulin
(Cat# 10094-1-AP) was purchased from Proteintech. All primary
antibodies were incubated overnight in phosphate-buffered saline
containing 0.1% Tween20 with 6% fat-free milk. After overnight
incubation, the membrane was washed three times using TBS sup-
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plemented with 0.1% Tween20. The washed membrane was then
incubated at room temperature for 2 h with horseradish peroxi-
dase-conjugated secondary antibodies and washed as described
above. The proteins were visualized on a polyvinylidene difluoride
film using horseradish peroxidase-conjugated secondary antibod-
ies and Immobilon Western Chemiluminescent HRP Substrate
(Millipore). The visualization and analysis were further done using
an imaging system (Bio-Rad).

Total RNA Extraction and Real-Time RT-PCR

Total RNA was purified using TRIzol reagent, as previously
described. Complementary DNA was synthesized using a high-
capacity reverse transcription kit (Takara) after removing genom-
ic DNA using DNase I (Invitrogen), according to the manufac-
turer’s protocol. Further, qRT-PCR for mRNA was conducted by
using a SYBR Premix Ex Taq kit (Takara) as previously reported
[19]. The mRNA expression levels were normalized to the refer-
ence gene tubulin and fold changes were calculated using 2744t
method. The primer sequences are shown in online supplemen-
tary Table S1 (see www.karger.com/doi/10.1159/000527780 for all
online suppl. material).

Statistical Analysis

Statistical power analysis was conducted to determine the min-
imum sample size for this study. The normality of the data was
detected using the Shapiro-Wilk test. Log transformations or nor-
mal score transformations were applied to the skewed data before
parametric analysis. Data are presented as the mean + SD or me-
dian and interquartile range. Comparisons between obese and
nonobese children or between obese children with and without
NAFLD were performed by the unpaired ¢ test or > test or inde-
pendent samples were analyzed using the Mann-Whitney U test as
appropriate. Pearson’s or Spearman correlation coefficient tests
were performed to describe the linear association between meta-
bolic variables and adipokines, and partial correlations to adjust
age. Multiple logistic regressions were performed to determine risk
factors of NAFLD. Statistical analyses were performed using the
SPSS 22.0 software (SPSS Inc.) and GraphPad Prism version 8. The
significance was set at p < 0.05.

Results

Clinical Characteristics

A total of 113 children with obesity (19 female and 59
male) and without obesity (12 female and 23 male) were
enrolled in this study. A statistical power analysis showed
that the minimum sample size for this study was 32 (16
children with obesity, 16 children without obesity), as
shown in online supplementary Table S2. The number of
samples in the present study was more than 32, which
means that the number of participants in our study
reached statistical significance. The clinical and biochem-
ical characteristics of the patients are presented in Ta-
ble 1. There were no differences in the sex distribution or
age or pubertal stage between obese and nonobese chil-
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Table 1. The clinical characteristics and metabolic parameters of the study subjects

Variable Nonobesity Obesity p value
Anthropometric parameters  Sex (M/F) 23/12 59/19 0.362
Prepubertal/pubertal  23/12 52/26 1.000
Age 9.84+1.99 10.18+2.33 0.465
BMI, kg/m? 16.22 (14.94, 18.07) 26.90 (23.21, 29.64) <0.0001
SDS-BMI —-0.28 (-0.85, 0.56) 3.94 (3.25,4.85) <0.0001
WC, cm 68.91+8.17 89.68+11.69 <0.0001
HC, cm 75.11+8.15 92.03+11.12 <0.0001
WHR 0.92 (0.89, 0.94) 0.98 (0.94,1.00) <0.0001
SBP, mm Hg 101.09 + 6.62 116.15+ 16.58 <0.0001
DBP, mm Hg 67.00 (63.00, 70.00) 70.50 (65.00,76.25) 0.020
Metabolic parameters FPG, mmol/L 4.90+0.66 4.79+0.49 0.377
INS, mIU/L 6.21(5.18,7.47) 20.73(17.75, 23.07) <0.0001
HOMA-IR 1.39(1.07,1.61) 4.34 (3.64,4.92) <0.0001
ALAT, IU/L 15.00 (12.00, 19.00) 27.00 (19.50, 46.50) <0.0001
ASAT, IU/L 23.00 (20.00, 25.00) 26.00 (22.00, 30.50) 0.012
TC, mmol/L 3.72+0.68 4.19+0.60 0.001
TG, mmol/L 0.65 (0.54, 1.02) 1.23(0.86, 1.58) 0.005
HDL-C, mmol/L 1.36+0.22 1.15£0.24 <0.0001
LDL-C, mmol/L 242+0.55 2.56+0.43 0.156
NEFA, mmol/L 0.63+0.31 0.70+0.32 0.283
TC/HDL-C 2.76+0.44 3.76+0.94 <0.0001
Adipocytokines Leptin, ng/mL 7.54+£5.47 14.55£3.69 <0.0001
Adiponectin, pg/mL 23.10+6.15 19.46+6.81 0.008
LAR, ng/ug 0.26 (0.13, 0.50) 0.77 (0.58, 1.03) <0.0001
Ox-LDL, pg/mL 566.72+£101.25 620.38+107.19 0.014
THBST, ng/mL 19.42 (16.18, 23.62) 35.57(27.31,47.77) <0.0001
ICAM-1, pg/mL 336.44+70.83 409.78+98.81 <0.0001
ESM1, ng/mL 0.14 (0.12,0.18) 0.21 (0.17,0.27) <0.0001
Wnt5a, ng/mL 1.13(0.80, 1.35) 1.62(1.12,2.57) 0.001

Data are presented as mean+SD or median (25th percentile, 75th percentile). BMI, body mass index; SDS-BMI,
BMI SD score; WC, waist circumference; HC, hip circumference; WHR, waist-to-hip ratio; SBP, systolic blood pressure;
DBP, diastolic blood pressure; FPG, fasting plasma glucose; INS, fasting insulin; HOMA-IR, homeostasis model
assessment of insulin resistance; TG, triglycerides; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol;
TC/HDL-C, TC-to-HDL-C ratio; LDL-C, low-density lipoprotein cholesterol; ALAT, alanine aminotransferase; ASAT,
aspartate aminotransferase; NEFAs, nonesterified free fatty acids; LAR, leptin-to-adiponectin; Ox-LDL, oxidized low-
density lipoprotein; THBS1, thrombospondin 1; ICAM-1, intercellular cell adhesion molecule-1; ESM1, endothelial
cell-specific molecule-1; Wnt5a, Wnt family member 5A.

dren. As expected, BMI, SDS-BMI, WC, HC, and WHR
were significantly higher in obese children. Children with
obesity showed significant metabolic disorders with re-
spect to systolic and diastolic blood pressure. Metabolic
parameters including INS, HOMA-IR, ALAT, ASAT,
TC, TG, HDL-C, and TC/HDL-C were significantly high-
er among children with obesity than among those with-
out obesity. In terms of glucose and nonesterified fatty
acid levels, no statistically significant difference was ob-
served between the two groups. Leptin and adiponectin
levels in obese children were higher and lower, respec-
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tively. A higher leptin to adiponectin ratio (LAR) was ob-
served in children with obesity than in those without obe-
sity. Compared to nonobese children, a significant in-
crease in circulating ox-LDL, ICAM-1, ESM1, and Wnt5a
levels was observed in obese children.

Circulating THBSI Levels in Subgroups

Circulating THBSI1 levels were significantly higher in
children with obesity than in those without obesity. As
observed in the total population, there were no significant
differences in circulating THBS1 levels among children
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Fig. 1. Circulating THBS1 levels in subgroups. a-c Different gen-
der subgroups in nonobesity groups, obesity groups, and all par-
ticipants separately. d—f Different Tanner stage subgroups in non-
obesity groups, obesity groups, and all participants separately. g
Subgroups based on the SDS-BMI. h Among obesity group, with

based on sex or Tanner stages, or body weight. The chil-
dren were divided into three groups based on their SDS-
BMI. Higher circulating THBS1 levels were found in the
children with higher SDS-BMI (Fig. la-g).

Children with obesity were divided into NAFLD and
non-NAFLD groups based on the liver ultrasound results.
Children with NAFLD were further divided into the
NAFLD and NASH groups based on their serum ALAT
levels. Higher circulating THBSI levels were observed in
children with NAFLD than those without NAFLD. How-
ever, there were no significant differences in circulating
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and without NAFLD diagnosed by using abdominal ultrasound. i
Among NAFLD groups, with and without liver injury diagnosed
by serum ALT levels. Mann-Whitney test was used for comparison
between two groups.

THBS1 levels between NAFLD and NASH subgroups
(Fig. 1h, 1).

Correlations of Circulating THBSI Levels and Clinical

Variables

Given that higher levels of circulating THBSI are as-
sociated with a higher SDS-BMI, we determined the sig-
nificance of circulating THBS1 as a biomarker of child-
hood obesity and MetS. To determine whether there was
a significant correlation between the circulating THBS1
levels and clinical variables, we assessed the associations
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Table 2. Correlations of serum log;,THBS1 with clinical variables

Variable r pvalue r* p value*
Age 0.062 0.516

SDS-BMI 0.549 0.000 0.507 0.000
WC 0.574 0.000 0.621 0.000
HC 0.505 0.000 0.510 0.000
WHR 0.365 0.000 0.405 0.002
SBP 0.462 0.000 0.379 0.004
DBP 0.187 0.100 0.073 0.592
ALAT 0.417 0.000 0.399 0.002
ASAT 0.182 0.062 0.116 0.391
TC 0.250 0.010 0.336 0.011
LnTG 0.264 0.006 0.241 0.070
HDL -C -0.116  0.236 0.025 0.855
TC/HDL-C 0.272 0.005 0.235 0.078
Ox-LDL 0.310 0.001 0.207 0.122
Insulin 0.407 0.000 0.453 0.000
HOMA-IR 0.320 0.002 0.439 0.001
Leptin 0.432 0.000 0.369 0.005
Adiponectin -0.172 0.073 -0.218 0.103
LAR 0.382 0.000 0.342 0.009
Wnt5a 0.158 0.099 0.165 0.086
ICAM-1 0.303 0.001 0.327 0.013
ESM1 0.175 0.067 0.087 0.521

THBS1 was Log-transformed into normal distribution. TG was
Ln-transformed into normal distribution. ALAT, ASAT, insulin,
HOMA-IR, LAR, Wnt5a, and ESM1 were normal scores transformed
into normal distribution. Correlation coefficients between SDS-BMI
were estimated by Spearman correlations; all other data were
estimated using Pearson’s correlations. SDS-BMI, BMI SD score; WC,
waist circumference; SBP, systolic blood pressure; DBP, diastolic
blood pressure; HOMA-IR, homeostasis model assessment of insulin
resistance; TG, triglycerides; TC, total cholesterol; HDL-C, high-
density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol; ox-LDL, oxidized low-density lipoprotein; ALAT, alanine
aminotransferase; ASAT, aspartate aminotransferase; LAR, leptin-
to-adiponectin; THBS1, thrombospondin 1; ICAM-1, intercellular
celladhesionmolecule-1;ESM1,endothelial cell-specificmolecule-1;
Wnt5a, Wntfamily member5A.*Partial correlations afteradjustment
for age.

of THBS1 with other clinical variables using Pearson’s
correlation or Spearman correlation and partial correla-
tion (Table 2). As expected, THBS1 was positively corre-
lated with SDS-BMI, WC, HC, and WHR, independent
of age. In terms of blood pressure, THBS1 was positively
correlated with SBP but not DBP, which remained sig-
nificant after adjustment for age. For glucose metabolism
variables, we found that THBS1 was positively correlated
with INS and HOMA-IR, independent of age. The cor-
relations between THBS1 and ALAT, as well as between
THBS1 and TC remained significant after the adjustment

THBSI1 as a Risk Factor for Children with
NAFLD

for age. Interestingly, we also observed that THBSI was
positively correlated with TG, TC/HDL-C, ox-LDL,
leptin, LAR, and ICAM-1; however, only leptin, LAR, and
ICAM-1 were significantly associated with THBS1 after
adjusting for age. However, no significant correlation was
found between THBS1 and ASAT, HDL-C, adiponectin,
Wnt5a, or ESMI.

Prevalence of Metabolic Syndrome and Its

Components by Quartile of Circulating THBSI Levels

MetS was defined according to the Chinese pediatric
MetS [21] as follows. Individuals with MetS were classi-
fied as having central obesity (WC >90th percentile for
age and sex) and more than two of diagnostic compo-
nents of MetS [22]. In this study, we found that individu-
als with a higher THBS1 quartile had a higher prevalence
of hypo-HDL-C as shown in Table 3. There were no sig-
nificantly differences in hypertriglyceridemia, hyperten-
sion, hyperglycemia, and MetS among the quartiles of se-
rum THBSI levels.

Binary Logistic Regression Analysis

Using NAFLD as dependent variable, and, age, sex,
SDS-BMI, WC, HC, THBS], ox-LDL, ICAM-1, Wnt5a,
ESM1, leptin, and INS as independent variables, we per-
formed binary logistic regression analysis (forward: LR)
to screen for the potential associations between NAFLD
and the variables. In this analysis, a significant correlation
between the circulating THBS1 and NAFLD was identi-
fied, as well as between HC, leptin, and NAFLD (Table 4).

Receiver-Operating Characteristic Curves for the

Identification of Subjects with NAFLD

The receiver-operating characteristic (ROC) method
was used to predict the threshold value for the diagnosis
of NAFLD by using THBS1 and leptin. The area under
the ROC curve was 0.772 for the THBSI level (p < 0.001).
The sensitivity and specificity values for THBS1 were
76.1% and 75.9%, respectively (cutoff values = 33.34). The
area under the curve was 0.719 (p = 0.002), and the cutoft
value was 15.57 for leptin with a sensitivity of 54.3% and
specificity of 82.8% (Fig. 2).

Expression of THBSI1 Gene of Obese Mice

To test the expression of THBS1 in the serum and liv-
er of DIO-related NAFLD mice, they were fed the NCD
or HFD at 4 weeks old after adjusting feeding for 1 week.
As previously reported, an increase in serum TG, ALAT,
and ASAT levels in mice fed with HFD was observed as
compared with mice fed with NCD, as well as in body

Ann Nutr Metab 2023;79:16-28 21
DOI: 10.1159/000527780

€20z KB\ 21 uo Jesn Aysianiun Buojoelr ue,x Aq Jpd-08.225000/SZLLOSE/QL/L/6.L/3Pd-0jone/wue/Wo JeBIex//:dny WOl papeojumod



Table 3. Ratio of MetS and components of MetS in quartiles of serum THBS1 levels in obese children

THBS1 p value

Q1 (16.178-27.201 Q2 (27.653-35.564 Q3 (35.584-47.074 Q4 (47.999-108.904

ng/mL), % ng/mL), % ng/mL), % ng/mL), %
Hypo-HDL-C 2.6 5.1 9 14.1 0.024
Hypertriglyceridemia 38 5.1 7.6 13.9 0.082
Hypertension 7.7 9.0 5.1 10.3 0.657
Hyperglycemia 2.6 5.1 5.1 13 0.358
MetS 9 1.5 3.8 7.7 0.198

Pearson x? test with Bonferroni correction. MetS, metabolic syndrome.

Table 4. Binary logistic regression (forward: LR) analysis using
NAFLD as dependent variable

B SE pvalue  Exp (B)
Constant —29.052 12.571 0.021 0.000
Sex -1.353 1.553 0.383 0.258
Age —0.492 0.723 0.496 0.611
SDS-BMI 0.582 0.804 0.469 1.789
WC -0.306 0.175 0.080 0.737
HC 0.541 0.275 0.049* 1.718
THBS1 0.243 0.112 0.031* 1.275
Ox-LDL -0.007 0.006 0.258 0.993
ICAM-1 0.002 0.005 0.737 1.002
Wnt5a —0.005 0.012 0.668 0.995
ESM1 2433 3.099 0.432 11.395
Leptin 0.626 0.288 0.030* 1.871
Insulin -0.067 0.149 0.653 0.935

BMI, body mass index; SDS-BMI, BMI SD score; WC, waist
circumference; HC, hip circumference; ox-LDL, oxidized low-density
lipoprotein; THBS1, thrombospondin 1; Wnt5a, Wnt family member
5A;1ICAM-1,intercellular celladhesion molecule-1;ESM1, endothelial
cell-specific molecule-1. * p < 0.05.

weight and organ weights (Fig. 3a—e). Mice fed an HFD
had significantly increased serum THBS1 level compared
with mice fed a regular chow diet (Fig. 3f).
Subsequently, we performed histological analysis of
hepatic steatosis and THBS1 expression using H&E stain-
ing and immunohistochemistry. Mice fed with HFD ex-
hibited hepatocellular lipid accumulation in the sur-
rounding the perisinusoidal areas as compared with the
mice fed with NCD. The NAFLD activity score [23] for
H&E-stained images of livers from mice is shown in on-
line supplementary Table S3. Positive THBSI staining
was observed in the liver of HFD-fed mice (Fig. 4a).
Quantification of THBS1 in the positive areas revealed
that the HFD cohort had a significantly upregulated he-

22 Ann Nutr Metab 2023;79:16-28
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patic THBS1 expression (Fig. 4b). Additionally, the pro-
tein and mRNA levels of THBSI in the liver of HFD-fed
mice fed were significantly upregulated compared to
those in the NCD group (Fig. 4c, d). Metformin amelio-
rates hepatic steatosis and decreases hepatic THBS1 ex-
pression in DIO mice.

The treatment of obese mice with metformin has been
shown to improve hypertrophic adipocytes and hepatic
steatosis [12, 20]. We examined the effects of metformin
on THBS1 expression in HFD-fed mice. Five obese mice
were treated with metformin for 4 weeks. Metformin
treatment inhibited the lipid accumulation in the liver
and ameliorated hepatic steatosis (Fig. 4a). In addition,
metformin decreased the increase in serum TG, ALAT,
and ASAT levels in HFD-fed but did not affect the serum
THBSI levels (Fig. 3d-f). Interestingly, we also found that
metformin significantly downregulated the expression of
hepatic THBS1 mRNA and protein levels of DIO mice
(Fig. 4b-d).

Discussion

An increasing body of data has revealed the role of
THBS1 as a novel biomarker in obesity, prediabetes, and
MetS in adults [8, 24]. However, the role of THBS1 in
obesity and MetS remains controversial. Some studies re-
ported that THBSI1 can improve hepatic steatosis in diet-
induced INS -resistant mice [25]. Others showed a posi-
tively association between serum THBS1 levels and BMI
in women, as well as between serum THBSI levels and
fasting plasma glucose [24]. Recently, Gwag et al. [26] re-
ported that THBS1 promotes obesity-associated NAFLD.
However, studies on the role of THBSI in children with
obesity and MetS are lacking.
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Higher Circulating THBS1 Levels in Children with

Obesity and NAFLD

Matsuo et al. [24] did not observe any difference in the
THBSI levels in adult male subjects with obese and non-
obese phenotypes, but they reported higher circulating
THBSI levels in female subjects with obesity than in lean
individuals. Tahergorabi et al. [27] reported a significant-
ly lower serum THBS1 level in obese PCOS patients than
in the control group. In the present study, we observed
higher THBSI levels in obese children, especially in those
with NAFLD. Additionally, higher THBS1 levels were ob-
served in children with greater SDS-BMI. Consistent with
our founding, Buras et al. [28] reported that THBS1 levels
were markedly increased in obese mice fed an HFD. In
addition, it has been reported that THBS1 shows signifi-
cant genetic and sex interactions [29]. However, in our
cohort, we did not observe significantly differences in cir-
culating THBSI levels between males and females, or be-
tween prepuberty and puberty in individuals.

Interestingly, our study revealed a higher THBS1 level
in obese children with NAFLD than those without
NAFLD, which is consistent with Bai’s observations [25].
Bai etal. [25] also showed a significant reduction in serum
THBS1 levels as well as an improvement in liver steatosis
after lifestyle intervention. They also reported that treat-
ment with recombinant human THBS1 attenuated hepat-
ic steatosis in DIO mice. Recently, Gwagetal. [26] showed

THBSI1 as a Risk Factor for Children with
NAFLD

that macrophage-specific THBS1 deletion in adipocytes
protected mice against obesity-associated liver injury. We
defined children with elevated ALAT and diagnosed fatty
liver by using abdominal ultrasound as the NASH group
[30]. No significant differences were found between chil-
dren with and without liver injury. The inconsistency in
the clinical characteristics of subjects, species, and the
methodological differences in biomedical experiments
may result in discrepancies in the results. In addition, we
confirmed that several other adipokines, including ox-
LDL, ICAM-1, ESM1, and Wnt5a, which have been re-
ported to be increased in subjects with obesity or NAFLD,
were also elevated in children with obesity. Meanwhile,
we were able to replicate the findings with regard to the
increasing serum leptin and decreasing serum adiponec-
tin levels in children with obesity. However, data on the
association between serum THBS1 and other adipokines
are scarce.

In this study, the correlations between THBS1 and
ALAT, as well as between THBS1 and TC, remained sig-
nificant after adjusting for age. THBS1 was also positive-
ly correlated with leptin, LAR, and ICAM-1 levels after
adjusting for age. No significant association between
THBS1 and adiponectin levels was observed. Leptin is
thought to participate in the development of NAFLD.
Previous data indicated the need for leptin or leptin re-
ceptor-mediated signaling to ensure adequate liver func-
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Fig. 3. Effects of metformin on body weight, serum TG, ALT, and
AST and THBSI levels of DIO mice. a Changes in body weight of
mice fed with high-fat diet. b, ¢ Changes in body weight and per-
centage of organ weight of DIO mice with metformin treatment.
d, e Serum TG, ALT, and AST levels in NCD, HFD, or MET

tion. Specific deletion of leptin receptor in the liver leads
to increased hepatocellular TG content and lipid accumu-
lation [31]. Chavez et al. [32] reported that leptin upregu-
lated THBSI expression in vascular smooth muscle cells
via the JAK2 and MAPK pathways. In an obese diabetic

24 Ann Nutr Metab 2023;79:16-28
DOI: 10.1159/000527780

groups. f Serum THBSI levels in above three groups. TG, triglyc-
eride; ALT, alanine aminotransferase; ASAT, aspartate amino-
transferase; NCD, normal chow diet; HFD, high-fat diet; MET,
HFD + metformin treatment. Data are presented as the mean +
SD. *p < 0.05, ¥*p < 0.01, ¥**p < 0.001.

mouse model, THBS1 inhibited leptin-induced matrix
metalloproteinase-2 activation in cardiac fibroblasts pop-
ulating the collagen pads [33]. Sahu et al. [34] revealed
that leptin augments recruitment of IRF-1 and CREB to
the THBS1 gene promoter in vascular smooth muscle
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IHC staining for THBS1. b, ¢ THBSI protein levels (western blot)

cells. Recently, Ganguly et al. [35] showed that THBS1 is
a potential target for inducing vasculopathy. Neverthe-
less, studies on the role of THBS1 in leptin deficiency-
associated NAFLD development are unavailable; there-
fore, further studies are warranted.

THBS1 Is a More Sensitive Predictor of NAFLD than

Leptin

To further elucidate the relationship between serum
THBS1 and obesity, we compared the correlation of hy-
pertension, hyperglycemia, hypertriglyceridemia, hypo-
high-density lipoproteinemia, and MetS among different
THBSI levels. In children with obesity, with increasing

THBSI1 as a Risk Factor for Children with
NAFLD

in liver tissue from mice fed with NCD, HFD, and HFD + metfor-
min treatment. d RNA relative expression of THBSI in liver tissue
from the above three mice groups. Data are presented as the mean
+ SD. H&E, hematoxylin and eosin; IHC, immunohistochemistry.
*p < 0.05, **p < 0.01, ***p < 0.001.

quartiles of THBSI, the prevalence of hypo-HDL-C in-
creased significantly, while the prevalence of hyperten-
sion, hyperglycemia, hypertriglyceridemia, and MetS re-
mained unchanged. The above results showed that the
increase in circulating THBSI levels plays an important
role in the development of obesity and dyslipidemia. As
mentioned above, we found that serum TG levels were
elevated in children with obesity compared to that in chil-
dren without obesity, and also observed a positive asso-
ciation between TG and circulating THBS1. Roth et al.
[36] reported that the THBSI1 gene was overexpressed in
injured arteries from hypercholesterolemic atherosclero-
sis. Hida et al. [37] showed the differential expression of
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THBSI in the visceral adipose tissue of obese OLETF rats,
an animal model characterized by abdominal obesity and
dyslipidemia. Recently, it has also been reported that an
overexpression of THBSI in cholesterol-enriched diet-
treated animals was observed [38]. The present study
showed an important role of THBS1 in dyslipidemia of
children with obesity. Taken together, these results dem-
onstrated that THBS1 is closely related to childhood obe-
sity, dyslipidemia, and NAFLD.

To determine the efficacy of predicting the role of
THBSI1 in the development of NAFLD among children
with obesity, we analyzed the optimal cutoff points, AUC,
sensitivity, specificity, and p value of the ROC curves of
leptin and THBS1. The AUC values for THBS1 were
higher than those for leptin. These results suggest that
THBSI1 is a more sensitive predictor of NAFLD than
leptin in children with obesity. This study also revealed
that circulating THBS1 higher than 33.34 ng/mL could
lead to the development of NAFLD. However, the cutoff
points for circulating THBSI levels in predicting NAFLD
have not yet been studied in children before.

Administration of Metformin Decreased the
Expression of Hepatic THBS1 Not Serum Levels in
DIO Mice

Under physiological conditions, it has been reported
that the expression of THBSI in the adult liver is very low
or nearly undetectable [39]. Previous studies have showed
that a significant upregulation in the gene expression of
THBS1 was associated with intracellular lipid accumula-
tion in an in vitro model of NAFLD [40]. Macrophage-
specific THBSI deletion protects mice from obesity-asso-
ciated NAFLD [26]. Consistent with these findings, Li et
al. [41] revealed that THBS1 deficiency alleviated macro-
phage accumulation in adipose tissue in HFD-fed mice.
However, other studies have shown that the administra-
tion of THBSI can improve aberrant lipid metabolism
and attenuate hepatic steatosis in diet-induced NAFLD
mice [25]. To clarify the expression of the hepatic THBS1
gene in obese and NAFLD mice, and to reveal the role of
the THBSI gene in the development of NAFLD in mice,
we established a DIO mouse model and evaluated the
pathological stage by using the NAFLD activity score. In
the current study, we found that serum THBSI and he-
patic THBS1 levels were upregulated in HFD-induced
obese mice.

As already known, administration of metformin could
attenuate the development of obesity and NAFLD in chil-
dren and adolescents [42]. According to a previous re-
port, metformin treatment induces weight loss and im-

26 Ann Nutr Metab 2023;79:16-28
DOI: 10.1159/000527780

proved steatosis of the liver induced by an HED [13, 20].
Interestingly, in our study, metformin did not change the
serum THBSI1 levels but decreased the expression of he-
patic THBS in DIO mice. Inconsistent with our results,
Tan et al. [14] showed that metformin treatment signifi-
cantly increased serum THBS1 levels in overweight PCOS
women. Varma et al. [8] reported that pioglitazone (but
not metformin) treatment resulted in a decrease in adi-
pose THBS1 gene expression in obese subjects. These in-
consistent results could be explained by the different dis-
ease model and tissue species. The detailed molecular
mechanism underlying the involvement of THBSI in
obesity and NAFLD is needed to be studied further.

In summary, the present study had a limitation that
should be noted. Our clinical study was a single-center
clinical observation with a relatively small size for sub-
analysis. We did not confirm the expression of THBSI in
the liver because of the difficulty in obtaining tissue ma-
terials from children. Our study is the first to reveal the
differential circulating THBS1 levels between children
with and without obesity, as well as between non-NAFLD
and NAFLD subgroups in obese children. Hence, further
studies with larger cohorts are necessary to confirm or
disprove circulating THBS1 levels in obese children. The
current study also reported the sensitivity, specificity, and
cutoff points as predictors and risk factors for NAFLD in
children with obesity. These findings are novel and have
been reported for the first time in Chinese children. More
importantly, we present novel data showing that metfor-
min treatment significantly attenuated the effects on
THBS1 expression in a DIO mouse model. Understand-
ing the pathological role of THBSI in childhood obesity
and obesity-related NAFLD and the mechanisms by
which metformin decreases the expression of THBSI,
which contributes to attenuated NAFLD, could poten-
tially identify novel therapeutic targets for obesity-related
NAFLD.

Conclusion

This is the first study to report elevated circulating
THBS1 levels in children with obesity, clarify the associa-
tion of circulating THBS1 levels with obesity, dyslipid-
emia, and NAFLD, reveal the cut-off points for circulat-
ing THBSI levels in predicting NAFLD among children
with obesity, and supplement the role of metformin in the
expression of hepatic THBS1 gene level of DIO mice.
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