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Abstract

Objectives Glypican4 (GPC4) is a novel adipokine associated with obesity and insulin resistance. GPC4 was cleaved by the
glycosylphosphatidylinositol-specific phospholipase D (GPLD1) in an anchored site of the glycosylphosphatidylinositol,
and then was released into the extracellular environment. Herein, we investigated the changes of serum GPC4 and GPLD1
levels in obese subjects with different glucose metabolism status and their relationship with adipose tissue insulin resistance
index (Adipo-IR) in Chinese north populations.

Methods A total of 221 obese subjects and 37 normal controls (NC) were recruited in this study. Obese subjects were divided
into normal insulin (NI) group, hyperinsulinemia (HI) group, impaired glucose tolerance (IGT) group, and type 2 diabetes
mellitus (DM) group. Serum GPC4, GPLD1, and adiponectin were determined by commercially available ELISA kits.
Results Serum GPC4 levels in the HI, IGT, and DM groups were significantly higher than those in the NC and NI groups
(2.27+£0.58 ng/mL, 2.21 +£0.60 ng/mL, 2.49 +0.67 ng/mL vs. 1.70+0.33 ng/mL, 1.93 +0.34 ng/mL, P <0.05). GPC4 was
positively correlated with GPLD1, which was the most important influencing factor of GPC4. Adipo-IR was independently
and positively associated with serum GPC4 and GPLD1. For GPC4, after adjustment for confounders, the risk of adipose
tissue insulin resistance in subjects with the highest tertile was 2.974-fold that of those with the lowest tertile (OR =2.974,
P=0.013). For GPLDI1, before adjustment for lipids, the increased probability still existed (Model 2, OR =3.568, P=0.003).
Conclusion GPC4 is an adipokine associated with adipose tissue insulin resistance, and its activity may be regulated by
GPLD1. GPC4 may be a marker for adipose tissue insulin resistance in Chinese north obese populations.

Keywords Glypican4 (GPC4) - Glycosylphosphatidylinositol-specific phospholipase D (GPLD1) - Obesity - Adipose tissue
insulin resistance (adipo-IR) - Adiponectin (ADP)

Introduction

Adipose tissue is an endocrine organ that is sensitive to insu-

lin. In normal individuals, insulin can efficiently suppress the
hydrolysis of triglyceride (TG) and the release of free fatty

b Hanliﬁzm 111 @163.com acids (FFA) by inactivating hormone-sensitive lipase [1], but
- P ' in obese and type 2 diabetes (T2DM) individuals, this sup-
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pression is weakened [2]. The inhibitory effect of insulin on
lipolysis is weakened, known as adipose tissue insulin resist-
ance [3], which can cause excessive release of FFA, lead to
ectopic fat deposition, induce liver and skeletal muscle insu-
lin resistance, and eventually result in metabolic disorders
[4]. Therefore, adipose tissue insulin resistance occurs ear-
lier than liver and skeletal muscle insulin resistance, and is a
prelude to systemic insulin resistance [4]. Studying adipose
tissue insulin resistance is of great significance to glucose

@ Springer


http://orcid.org/0000-0003-2413-0646
http://crossmark.crossref.org/dialog/?doi=10.1007/s40618-020-01372-9&domain=pdf

782

Journal of Endocrinological Investigation (2021) 44:781-790

and lipid metabolism. Clinical research requires a reliable
and simple quantitative method to measure adipose tissue
insulin resistance.

The multistep pancreatic clamp technique is the
gold standard for evaluating adipose tissue insulin resistance
[5]. It inhibits endogenous insulin secretion using somato-
statin, resulting in near-zero insulin concentrations in the
body, thereby calculating the insulin concentration needed
to inhibit 50% lipolysis (IC50). However, its complexity and
cost limit applications in large-scale research. The adipose
tissue insulin resistance index (Adipo-IR) is a simple method
of measuring adipose tissue insulin sensitivity, which is
calculated by multiplying the fasting insulin (FINS) con-
centration by the fasting FFA concentration [6]. Hydrolysis
of TG in lipid droplets is enhanced by growth hormone,
catecholamines, and glucagon and inhibited by insulin [1,
5]. The somatostatin used in the multistep pancreatic clamp
technique can inhibit the secretion of these hormones, thus
circumventing their effects on lipolysis. Although only insu-
lin is included in the Adipo-IR index, Adipo-IR is closely
related to the IC50 measured by the multistep pancreatic
clamp technique (r=0.86, P <0.001) [5]. Therefore, Adipo-
IR is a good predictor of adipose tissue insulin sensitivity
and is suitable for larger population studies.

Adipose tissue plays a key role in the metabolism of glu-
cose and lipid by secreting adipokines [7]. Adipokines have
been known as important factors linking obesity and insu-
lin resistance [8]. In recent years, many researchers have
devoted themselves to studying the relationships between
adipokines and insulin resistance, and have made great pro-
gress. However, there are a few studies on the association
between adipokines and adipose tissue insulin resistance,
and only some studies have shown that adiponectin (ADP)
correlated negatively with Adipo-IR [3, 9].

Glypican4 (GPC4) is an adipokine that belongs to the
heparan sulfate proteoglycan family [10]. It is anchored
to the external surface of the cell membrane by the glyco-
sylphosphatidylinositol (GPI) and can be cleaved by the
lipase of GPI to be released from the cell membrane surface
into the extracellular environment. Therefore, it can play a
role not only on the cell membrane but also in the extracel-
lular environment. GPC4 can enhance insulin signaling by
directly binding to insulin receptors [11]. The previous stud-
ies have shown that serum GPC4 levels are significantly
positively correlated with body mass index (BMI), FINS,
and HOMA-IR in humans [11-13]. However, whether GPC4
is associated with Adipo-IR is unclear.

Glycosylphosphatidylinositol-specific phospholipase
D (GPLD1) is an enzyme that can specifically cleave GPI
anchors [14]. The expression of GPLD1 mRNA is high-
est in the liver [15]. GPLDI is a secreted protein that is
abundant in the bloodstream [16] and regulated by insulin
[17]. Some previous clinical studies have shown that serum
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GPLDI1 levels are associated with type 1 diabetes [18], insu-
lin resistance [19], T2DM [20], and nonalcoholic fatty liver
disease (NAFLD) [21]. Since GPC4 is anchored on the sur-
face of the cell membrane through GPI, Brunner et al. specu-
lated that GPLD1 may cleave GPC4 [22]. In this study, we
explored the relationship between GPC4 and GPLD1, which
can better understand the action mechanism and biological
function of GPC4.

The purpose of this study was to investigate the changes
of serum GPC4 and GPLD1 levels in obese subjects with
different glucose metabolism status and their relationship
with Adipo-IR.

Materials and methods

Study subjects and clinical and biochemical
characterization

The study cohort consisted of 258 subjects (221 obese and
37 normal-weight) from our hospital outpatient. Bodyweight
was stable (+2 kg) in the past 3 months. All subjects did
not take any medication that affected glucose tolerance. All
obese subjects were primary obese. Obesity was defined as
BMI > 28Kg/m2. HOMA-IR > 2.6 was regarded as insulin
resistance [23]. Normal glucose tolerance (NGT) was defined
as FBG < 6.1 mmol/L and 2hPBG < 7.8 mmol/L. Impaired
glucose tolerance (IGT) was defined as FBG < 6.1 mmol/L
and 2hPBG > 7.8 mmol/L but<11.1 mmol/L. T2DM was
defined as FBG>7 mmol/L and or 2hPBG >11.1 mmol/L
[24]. All subjects were divided into five groups according to
BMI and glucose metabolism status: normal controls (NC),
subjects with 18.5 < BMI < 24 kg/m?, NGT and normal insu-
lin levels; normal insulin (NI), obese subjects with NGT and
normal insulin levels; hyperinsulinemia (HI), obese subjects
with NGT and hyperinsulinemia; IGT, obese subjects with
IGT; diabetes mellitus (DM), obese subjects with T2DM.

At 7-8 AM following a 10-h overnight fast, all subjects
underwent physical examinations, biochemical measure-
ments, and oral glucose tolerance test (75 g anhydrous glu-
cose). Height, weight, and waist circumference (WC) were
measured three times and took the average. After resting
quietly for 5 min, systolic blood pressure (SBP) and dias-
tolic blood pressure (DBP) were measured twice using an
electronic sphygmomanometer (Omron HEM-907) and took
the average. Liver and kidney function, lipid profiles, fasting
blood glucose (FBG), and 2 h postprandial blood glucose
(2hPBG) were measured by an automated biochemical ana-
lyzer. The FINS was determined by the Siemens Centaur XP
system. This study was approved by the Ethics Committee of
Peking Union Medica College Hospital. Each subject gave
written informed consent before participating.
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Mathematical formulas of simple indices for measur-
ing insulin resistance were based on the fasting blood
samples [3, 23]: HOMA-IR was calculated as [FBG
(mmol/L) x FINS (mU/L)]/22.5, Adipo-IR was calculated
as [FINS (mU/L) x FFA (mmol/L)].

Serum adipokine assays

Serum GPC4, GPLD1, and ADP levels (USCNK Life Sci-
ence Inc. Wuhan, China) were assayed by commercially
available ELISA kits. The catalog numbers were SEA998Hu
for GPC4, SEH975Hu for GPLD1, and SEA605Hu for ADP,
respectively. All samples were determined in random order
and duplicate. The intra-assay and inter-assay coefficients
of variations were 2.94% and 6.95% for GPC4, 5.83% and
10.41% for GPLD1, 4.40% and 8.26% for ADP, respectively.

Data analysis

All statistical analyses were performed by SPSS version
22.0 for Windows (SPSS Inc., Chicago, IL, USA). Normally
distributed data are expressed as mean =+ standard deviation
(SD), and non-normally distributed data are expressed as
median (interquartile range) and were transformed into nor-
mal distribution by logarithmic transformation. One-way
ANOVA analysis and Bonferroni post hoc analysis were
used for comparison between multiple groups. Pearson cor-
relation analysis was used to evaluate the bivariate relation-
ships between GPC4, GPLD1, ADP, and clinical param-
eters. Multiple linear regression analysis was performed to
find variables independently associated with serum GPC4,
GPLD1, and ADP. Logistic regression analysis was used to
evaluate the relationships between serum GPC4, GPLDI,
ADP levels, and Adipo-IR. P <0.05 was considered statisti-
cally significant.

Results
General clinical characteristics of the study subjects

As shown in Table 1, subjects in each group
were matched for age and gender, and all obese subjects
had similar BMI. The FBG was within the normal range in
non-diabetic subjects (NC, NI, HI, and IGT) and increased
in T2DM subjects, while the 2hPBG increased linearly
from NGT to IGT to T2DM. The FINS progressively
increased from NC to NI to HI, IGT, and DM. The fasting
FFA increased markedly and linearly from NGT to IGT to
T2DM. The changes in FINS and FFA reflected the progres-
sive decrease in adipose tissue insulin sensitivity. Adipo-IR
increased 4.2-fold in HI group and 3.1-fold in IGT group and
5.1-fold in DM group versus NC group (9.27 [6.22, 13.71],

6.77 [3.91, 10.64], 11.09 [7.52, 18.02] vs 2.19 [1.26, 3.28],
P <0.05). Adipo-IR was significantly higher in insulin-
resistant subjects than that in insulin-sensitive.

Serum adipokine levels

As shown in Fig. 1, compared with the NC group, serum
GPC4 levels in the NI, HI, IGT, and DM groups increased
significantly by 13.53%, 33.53%, 30.00%, and 46.47%,
respectively (1.93 +0.34 ng/mL, 2.27 +0.58 ng/mL,
2.21+0.60 ng/mL, 2.49+0.67 ng/mL vs. 1.70 £0.33 ng/
mL, P<0.05). In addition, serum GPC4 levels in the HI,
IGT, and DM groups were also higher than those in the NI
group (P <0.05) (Fig. 1a). The changes in GPLD1 and GPC4
are consistent. Serum GPLD1 levels in the NI, HI, IGT, and
DM groups were significantly increased by 40.70%, 70.69%,
53.66%, and 74.41%, respectively, in comparison with
the NC group (12.48 +4.67 pg/mL, 15.14+4.47 pg/mL,
13.63+5.40 pg/mL, 15.47+4.92 pg/mL vs. 8.87+2.37 pg/
mL, P <0.05). Serum GPLDI1 levels were higher in the
HI and DM groups than those in the NI group (P <0.05)
(Fig. 1b). Conversely, serum ADP levels were lower in the
NI, HI, and DM groups when compared with the NC group
(17.77+6.68 pg/mL, 15.53 +6.41 pg/mL, 14.31+6.09 pg/
mL vs. 20.49 +6.74 pg/mL, P <0.05) (Fig. 1c).

There was no gender difference between serum GPC4 and
GPLDI1 (Fig. 2a, b). However, males versus females with
DM had higher GPC4 (P <0.05) (Fig. 2d). In males, serum
GPC4 levels in insulin-resistant subjects were significantly
higher than that in insulin-sensitive subjects, and that in the
DM group was the highest. In females, serum GPC4 levels
in obese subjects were higher than those in normal controls.
Conversely, females had higher levels of ADP when com-
pared with males (Fig. 2c), especially in the HI and DM
groups (P <0.05) (Fig. 2f).

Associations between serum adipokines and clinical
parameters

As shown in Table 2, serum GPC4 levels were positively
correlated with BMI, WC, DBP, alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), uric acid
(UA), TG, FFA, FINS, HOMA-IR, Adipo-IR, and GPLD1
(P<0.05). Serum GPLDI levels were positively correlated
with age, BMI, WC, SBP, DBP, ALT, AST, total cholesterol
(TC), TG, FFA, FINS, HOMA-IR, and Adipo-IR, and nega-
tively correlated with high-density lipoprotein cholesterol
(HDL-C) (P <0.05). By contrast, serum ADP levels were
negatively correlated with BMI, WC, SBP, DBP, ALT, AST,
UA, TG, FFA, FINS, FBG, 2hPBG, HOMA-IR, Adipo-IR,
GPC4, and GPLDI, and positively correlated with HDL-C,
age, and gender (P <0.05).
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Table 1 General clinical and biochemical characteristics of normal controls and obese subjects

Variables NC (37) NI (66) HI (50) IGT (63) DM (42)
Male/female 11/26 30/36 25125 22/41 22/20
Age (year) 44.95+8.20 47.94 +8.49 45.58+8.59 48.48+10.51 47.48+6.31
BMI (kg/m?) 22.28+1.23 30.52+2.12% 32.10+2.84% 30.49+2.09% 30.70 £2.24%
WC (cm) 76.78 +6.23 93.11+7.28° 98.15+8.77% 96.29 +7.86 98.44 +8.76%®
WC (male) 79.80 +4.30° 97.09 +6.35* 101.86 +8.46% 102.46 +4.59 @ 102.14 +8.39%¢
WC (female) 75.81+6.50 89.79 +6.33% 94.45 +7.54% 92.98 +7.26 % 94.38 +7.39%
SBP (mmHg) 116.95+20.28 14324 +17.21° 143.34+18.71* 133.33 £20.44%° 135.43 £21.23%
DBP (mmHg) 74.81+11.08 90.36+10.02% 93.36+11.44° 87.62+13.33% 87.45+13.41%
ALT (U/L) 15.65+8.50 26.08 +13.08* 33.22+17.29° 34.48 +29.55° 38.07+£25.26®
AST (U/L) 19.27 +5.86 22.91+5.93* 25.34+8.12° 24.94+11.06* 25.74+11.06*
Cr (umol/L) 72.51+15.91 79.73+11.73* 83.40+14.18° 76.324+16.29° 73.21+20.89"
UA (umol/L) 196.05+55.18 255.824+78.42° 290.52 + 84.55%® 295.73 +90.76% 309.19+£97.75%®
TC (mmol/L) 4.57+1.40 5.00+0.97 5.32+0.96* 4.99+0.83 5.60+1.923
TG (mmol/L)" 0.98 (0.67, 1.27) 1.49 (1.00, 1.93)* 1.66 (1.19, 2.71)* 1.72 (1.33, 2.18) 2.59 (1.68, 3.87)™
HDL-C (mmol/L) 1.43+0.33 1.30+0.30 1.21+0.37 1.22+0.26% 1.19+0.27%
LDL-C (mmol/L) 2.86+1.10 3.07+0.80 3.23+0.77° 3.23+0.70° 3.43+£0.79%
FFA (pmol/L) 503.78 +238.30 516.57+193.19 624.36 +£251.49 694.52 +246.13% 919.66 +409.94%¢
FINS (mU/L) 5414553 7.76 +2.19* 16.76 +5.31%® 10.97 £5.713% 14.38 +9.64%
FBG (mmol/L) 5.00+0.38 5.19+0.44 5.28+0.45 5.41+0.39* 7.69 +1.90%<¢
2hPBG (mmol/L) 5.50+1.36 5.79+1.05 5.88+1.19 8.88 +0.77%% 15.21£3.97%
HOMA-IR 1.21+1.25 1.79+0.53 3.92+1.23%® 2.64+1.36% 4.89+3.22%4
Adipo-IR! 2.19 (1.26, 3.28) 3.91(2.44,5.27) 9.27 (6.22, 13.71)* 6.77 (3.91, 10.64)® 11.09 (7.52, 18.02)

BMI body mass index, WC waist circumference, SBP systolic blood pressure, DBP diastolic blood pressure, ALT alanine transaminase, AST
aspartate transaminase, UA uric acid, TC total cholesterol, TG triglycerides, HDL-C high-density lipoprotein cholesterol, LDL-C low-density
lipoprotein cholesterol, FFA free fatty acid, FINS fasting insulin, FBG fasting blood glucose, 2hPBG 2h-postprandial blood glucose, HOMA-IR

homeostasis model assessment estimate of insulin, Adipo-IR adipose tissue insulin resistance

4P <0.05 compared with NC
P <0.05 compared with NI
€P<0.05 compared with HI
4P <0.05 compared with IGT

€P <0.05 compared with females in corresponding group

fVariables were Ig-transformed before analysis

In a multivariable regression analysis, as shown in
Table 3, after adjusting age, gender, BMI, SBP, AST, creati-
nine (Cr), TG, HDL-C, low-density lipoprotein cholesterol
(LDL-C), FBG, and ADP, we found that GPLD1 ($=0.559),
Adipo-IR (#=0.190), and UA ($#=0.128) were independent
contributors to serum GPC4 levels in all subjects. GPLD1
was the most important independent influence factor for
serum GPC4. Serum GPLD1 levels were independently cor-
related with TG ($#=0.467), GPC4 (#=0.208), Adipo-IR
($#=0.197), and age (f#=0.107) after adjusting for gender,
BMI, SBP, AST, Cr, UA, HDL-C, LDL-C, FBG, and ADP
in all subjects (P <0.05), and TG was the most important
independent influence factor for serum GPLDI1. Serum
ADP levels were independently correlated with Adipo-
IR (f=-0.183), HDL-C (f=0.173), gender (f=0.145),
TG (f=-0.190), and age (=0.151) after adjusting for
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potential confounding factors (P <0.05). Adipo-IR was the
common independent contributor to serum GPC4, GPLD1,
and ADP, and it was independently positively correlated
with serum GPC4 and GPLD1 levels, while negatively cor-
related with serum ADP levels.

Relationship of serum adipokines with adipose
tissue insulin resistance

To further investigate the relationships of serum GPC4,
GPLD1, and ADP levels and Adipo-IR, Logistic regression
analysis was performed. All subjects were stratified into
trisections according to GPC4, GPLD1, and ADP tertiles,
respectively. Because Adipo-IR was significantly higher in
HI, IGT and DM groups than that in NC and NI groups, all
subjects were divided into with and without Adipo-IR.
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Fig.1 Serum GPC4 (a), GPLD1 (b), and ADP (c) levels of normal
controls and obese subjects with different glucose metabolism status.
4P <0.05 compared with NC. °P <0.05 compared with NI. °P <0.05
compared with HI. P <0.05 compared with IGT

As shown in Table 4, the probability of adipose tissue
insulin resistance in subjects with the medium and high-
est GPC4 levels was 1.340-fold and 6.602-fold higher than
that in subjects with the lowest GPC4 levels [univariate,
OR =2.340 (1.053-3.543), 7.602 (3.751-15.408), P <0.05].
This increased probability of adipose tissue insulin resist-
ance in subjects with the highest GPC4 levels remained after
adjusting for age, gender, and BMI [Model 1, OR =4.928
(2.295-10.579), P<0.001] and SBP, FBG, and AST based
on Model 1 [Model 2, OR=4.006 (1.755-9.130), P=0.001],
and TC, TG, and HDL-C based on Model 2 [Model 3,
OR=2.974 (1.262-7.001), P=0.013].

The probability of adipose tissue insulin resistance in sub-
jects with the highest GPLD1 levels was 5.306-fold higher
than that in subjects with the lowest GPLDI1 levels [univari-
ate, OR=6.306 (3.128-12.714), P <0.001]. This increased
probability remained after adjusting for age, gender, and
BMI [Model 1, OR=4.126 (1.920-8.868), P <0.001]
and SBP, FBG, and AST based on Model 1 [Model 2,
OR =3.568 (1.545-8.239), P=0.003]. However, when fur-
ther adjustment TC, TG, and HDL-C based on Model 2, the
increased probability no longer existed.

By contrast, the risk of adipose tissue insulin resistance
in subjects with the lowest serum ADP levels was 1.583-
fold higher than that in those with the highest ADP levels

[univariate, OR =2.583 (1.372-4.865), P=0.003]. This
increased risk remained after adjusting for age, gender, and
BMI [Model 1, OR=2.266 (1.080-4.755), P=0.040]. How-
ever, when further adjustment SBP, FBG, and AST in Model
2, and even further adjustment for TC, TG, and HDL-C in
Model 3, the increased risk of Adipo-IR no longer existed.

Discussion

In the present study, we investigated the changes of serum
GPC4 and GPLDI levels in obese subjects with different
glucose metabolism status. Serum GPC4 levels were sig-
nificantly increased in obese subjects, especially in obese
subjects with insulin resistance. The changing trend of
GPLD1 was similar to GPC4. Serum GPC4 levels were
positively correlated with BMI, WC, DBP, ALT, AST, UA,
TG, FFA, FINS, HOMA-IR, Adipo-IR, and GPLD1 in all
subjects. GPLD1 and Adipo-IR were the two most important
independent contributors to serum GPC4 levels. Subjects
with high GPC4 and GPLDI levels were more likely to
develop adipose tissue insulin resistance. All these findings
suggested that GPC4 is an adipokine associated with obesity
and adipose tissue insulin resistance, and its activity may be
tightly regulated by GPLDI.

Insulin can effectively inhibit lipolysis and has a close
inverse relationship with FFA. The research group of Gast-
aldelli had confirmed that in humans, the inhibition of
lipolysis and FFA release has a curvilinear relationship with
plasma insulin concentration, and the logarithmic conversion
has a linear relationship [3]. In subjects with obesity and
T2DM, this relationship moves upward, with higher FFA
concentration at any given insulin concentration [25]. There-
fore, the product of plasma insulin and FFA concentration
provides an index of adipose tissue insulin resistance, and
this index has been used to assess adipose tissue insulin sen-
sitivity under various metabolic conditions [26]. In a large
sample population, during the transition from NGT to IGT
to T2DM, the adipose tissue insulin sensitivity progressively
decreases [3, 27, 28]. In our study, we found that Adipo-IR
was increased 4.2-fold in hyperinsulinemia and 3.1-fold in
IGT and 5.1-fold in T2DM compared with normal controls.
These results indicate that Adipo-IR is closely related to
glucose metabolism and is one of the important pathophysi-
ological changes of T2DM.

GPC4 is the first adipokine associated with insulin resist-
ance found in proteoglycan family [13]. Gesta et al. found for
the first time that there is a differential expression of GPC4
in human visceral and subcutaneous adipose tissues [12].
The previous studies have shown that serum GPC4 levels are
significantly correlated with BMI, body fat content, waist-
to-hip ratio (WHR) [11, 12], and the ratio of visceral to the
subcutaneous fat area [29]. In line with these results, we
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Fig.2 Serum GPC4, GPLDI1,
and ADP levels in total males
and females (a—c) and males
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showed that serum GPC4 levels were significantly increased
in obese subjects, which was positively correlated with BMI
and WC. All these results suggest that serum GPC4 may be
a marker for BMI and visceral fat accumulation.

The previous studies had shown that serum GPC4 lev-
els were positively correlated with FINS and HOMA-IR
in humans [11-13]. Since adipose tissue insulin resist-
ance may precede liver and skeletal muscle insulin resist-
ance, we tried to investigate whether serum GPC4 lev-
els are associated with adipose tissue insulin resistance.
As expected, our results showed that serum GPC4 levels
were closely related to Adipo-IR. Serum GPC4 levels
may be a useful marker for adipose tissue insulin resist-
ance. Ussar et al. showed that GPC4 can enhance insulin
signaling by directly binding to insulin receptors and play
an insulin-like role [11]. Obese subjects had significantly
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increased serum GPC4 levels, which may be a compensa-
tion mechanism for the body to reduce insulin demand and
alleviate insulin resistance [8]. Maintaining higher serum
GPC4 levels in obese subjects with insulin resistance or
diabetes could still reduce insulin demand [11]. In the pre-
sent study, serum GPC4 levels in the NI group were sig-
nificantly increased compared with the NC group, which
could be the compensatory mechanism before adipose
tissue insulin resistance in obese subjects. When serum
GPC4 levels are insufficient to compensate, adipose tissue
insulin resistance will occur. Increased serum GPC4 lev-
els may indicate the occurrence of adipose tissue insulin
resistance, which is an important pathophysiological com-
ponent of T2DM. Therefore, actively intervening in obese
patients with elevated GPC4 levels is of great significance
in preventing the occurrence of T2DM.
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Table 2 Correlation of serum adipokines with clinical parameters in

all subjects

Parameters GPC4 GLPD1 ADP
r (P value) r (P value) r (P value)
Age (year) 0.092 (0.141) 0.146 (0.019) 0.210 (0.001)
Gender M/F)  —0.111 (0.075) —0.027 (0.665) 0.303 (<0.001)
BMI (kg/m?) 0.266 (<0.001) 0.303 (<0.001) —0.174 (0.005)
WC (cm) 0.306 (<0.001) 0.278 (<0.001) —0.263
(<0.001)
SBP (mmHg) 0.109 (0.081) 0.201 (0.001) —0.146 (0.019)
DBP (mmHg)  0.151 (0.015) 0.205 (0.001) —0.208 (0.001)
ALT (U/L) 0.352 (<0.001) 0.232 (<0.001) -—0.223
(<0.001)
AST (U/L) 0.307 (<0.001) 0.237 (<0.001) —0.143 (0.021)
CR (pmol/L) 0.091 (0.147) 0.008 (0.899) —0.095 (0.402)
UA (pmol/L) 0.152 (<0.001) 0.027 (0.551) -0.291
(<0.001)
TC (mmol/L) 0.047 (0.121) 0.268 (<0.001) —0.109 (0.080)
TG (mmol/L)*  0.234 (<0.001) 0.300 (<0.001) —0.386
(<0.001)
HDL-C —0.052 (0.065) —0.158 (0.011) 0.336 (<0.001)
(mmol/L)
LDL-C 0.034 (0.081) 0.121 (0.052) —0.044 (0.479)
(mmol/L)
FFA (umol/L)  0.201 (<0.001) 0.239 (<0.001) —0.264
(<0.001)
FINS (mU/L) 0.254 (<0.001) 0.245 (<0.001) —0.304
(<0.001)
FBG (mmol/L) 0.068 (0.623) 0.060 (0.601) —0.205 (0.001)
2hPBG 0.051 (0.078) 0.081 (0.091) —0.192 (0.002)
(mmol/L)
HOMA-IR 0.256 (<0.001) 0.241 (<0.001) -0.330
(<0.001)
Adipo-IR?* 0.359 (<0.001) 0.336 (<0.001) -0.373
(<0.001)
GPC4 (ng/mL) 0.464 (<0.001) -0.187 (0.003)
GLPDI (pg/ 0.464 (< 0.001) —0.180 (0.001)
mL)

Pearson’s correlation tests were used. Bold font indicated P < 0.05

BMI body mass index, WC waist circumference, SBP systolic blood
pressure, DBP diastolic blood pressure, ALT alanine transaminase,
AST aspartate transaminase, UA uric acid, 7C total cholesterol, TG
triglycerides, HDL-C high-density lipoprotein cholesterol, LDL-C
low-density lipoprotein cholesterol, FFA free fatty acid, FINS fast-
ing insulin, FBG fasting blood glucose, 2APBG 2h-postprandial
blood glucose, HOMA-IR homeostasis model assessment estimate of
insulin, Adipo-IR adipose tissue insulin resistance, GPC4 glypican4,
GPLD]1 glycosylphosphatidylinositol-specific phospholipase D

*Variables were Ig-transformed before analysis

GPLDI is an enzyme that cleaves GPI [17], so it is specu-
lated that GPLD1 may cleave GPC4 [22]. However, popula-
tion-based studies have not proven the relationship between
GPC4 and GPLDI. In this study, we demonstrated for the
first time that there was a strong correlation between serum
GPC4 and GPLDI1 levels, and GPLD1 was the most impor-
tant influence factor for GPC4. This is of great significance
for further understanding of the action mechanism of GPC4.
Therefore, we speculate the possible mechanism of linking
GPC4 and Adipo-IR: insulin levels increase with weight
gain and increased insulin levels can cause increased GPLD1
activity, which will increase GPC4 cleavage, and ulti-
mately lead to increased serum GPC4 levels. Elevated GPC4
binds directly to insulin receptors and plays an insulin-like
role, reducing insulin demand and delaying adipose tissue
insulin resistance. As the disease progresses, when adipose
tissue insulin resistance is present, maintaining high serum
GPC4 levels can delay adipose tissue insulin resistance
progression. Thus, increased serum GPC4 levels observed
in obesity may represent a new compensatory mechanism.
GPC4 may become a new target for the treatment of insulin
resistance and T2DM. In addition, the previous studies have
found that serum GPLDI1 levels are positively correlated
with TG, ALT, and HOMA-IR [19, 21]. In this study, TG
was found to be the most important independent factor of
GPLD1. This may be the reason why the increased risk of
adipose tissue insulin resistance in subjects with the highest
GPLDL tertile no longer exists after adjustment for lipids.
Serum GPC4 and GPLDI1 levels were significantly elevated
in the HI group compared to the NI group, whereas ADP
was not significantly different between the HI and NI groups.
This similar changes in serum GPC4 and adiponectin levels
were also found in our previous study [13]. All these find-
ings suggest that serum GPC4 and GPLD1 levels may be
altered earlier than adiponectin levels as the biochemical
marker of adipose tissue insulin resistance.

Studies performed by Yoo et al. showed that Korean
males had higher serum GPC4 levels than Korean females
[29], which may be related to more visceral fat in males.
In this study, the WC of males in each subgroup was larger
than that of females, supporting males have more visceral
fat. However, we found that males had higher GPC4 levels
than females only in the DM group. It is unclear why the
GPC4 levels in males and females differed only in DM. One
possible explanation is that the sample size is small.

There are some limitations to the present study. First,
as a cross-sectional study, our study is failed to establish
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Table 3 Multiple regression

’ - Independent factors Unstandardized coefficients B (95% CI) Standardized coef- P value

fmalysw for the variables ficients (§)

independently related to serum

GPC4, GPLD1, and ADP levels GPC4 (adjusted R*=0.538)
Constant 0.851 (0.674 to 1.029) <0.001
GPLD1 0.063 (0.052 to 0.075) 0.559 <0.001
Adipo-IR* 0.277 (0.121 to 0.433) 0.190 0.001
UA 0.001 (0 to 0.001) 0.128 0.006

GPLDI (adjusted R?=0.525)
Constant —2.860 (—5.954 to 0.234) 0.070
TG* 4.169 (3.225 t0 5.113) 0.467 <0.001
GPC4 3.751 (1.834 to 5.668) 0.208 <0.001
Adipo-IR? 2.566 (1.038 to 4.094) 0.197 0.001
Age 0.062 (0.010 to 0.115) 0.107 0.020
ADP (adjusted R2=0.263)

Constant 7.004 (1.247 to 12.762) 0.017
Adipo-IR? —3.234 (—5.547 to - 0.922) —0.183 0.006
HDL-C 3.866 (1.304 to 6.429) 0.173 0.003
Gender 2.046 (0.459 to 3.633) 0.145 0.012
TG —4.681 (—7.968 to — 1.393) —0.190 0.005
Age 0.120 (0.033 to 0.208) 0.151 0.007

UA uric acid, TG triglycerides, HDL-C high-density lipoprotein cholesterol, Adipo-IR adipose tissue insu-
lin resistance, GPC4 glypican4, GPLDI glycosylphosphatidylinositol-specific phospholipase D, ADP adi-

ponectin

#Variables were l1g-transformed before analysis

a causal relationship between serum GPC4 levels and
adipose tissue insulin resistance. Second, we do not fur-
ther group T2DM subjects based on blood glucose levels,
and it is unclear whether Adipo-IR is suitable for patients
with severe hyperglycemia. Third, our research scale is
still small. Fourth, we only studied obese subjects with
insulin resistance and diabetes, and did not include lean
subjects with insulin resistance and diabetes. Therefore,
the association of GPC4 with Adipo-IR cannot be general-
ized to all insulin resistance or diabetic subjects. Further
study of GPC4 changes in lean insulin-resistant or diabetic
subjects and its association with Adipo-IR may be a better
understanding of the physiological role of GPC4 in energy
metabolism and systemic glucose.

@ Springer

In summary, serum GPC4 levels are significantly elevated
in obese subjects, especially obese subjects with insulin
resistance. Serum GPC4 is closely related to GPLD1 and
supports GPLDI1 to cleave GPC4. Serum GPC4 and GPLD1
levels are closely associated with Adipo-IR in different glu-
cose tolerance status subjects. Subjects with high GPC4
levels are more likely to have adipose tissue insulin resist-
ance after adjusting for confounders. All these findings sug-
gested that GPC4 is an adipokine associated with obesity
and adipose tissue insulin resistance, and its activity may
be tightly regulated by GPLD1. Serum GPC4 levels may be
a marker for BMI and adipose tissue insulin resistance in
Chinese north obese populations.



Journal of Endocrinological Investigation (2021) 44:781-790

789

Table 4 Unconditional logistic

. . : Measurement Lowest OR (95% CI)  Median OR (95% CI)  Highest OR (95% CI) P for trend

regression analysis of Adipo-IR

risks according to tertiles of GPC4 (ng/mL) <181 1.82-2.18 >2.19

erum GPCA, GPLDL and ADP Uivariate 1.00 (reference) 2340 (1270-4.314)  7.602 (3.751-15.408)
P 0.006 <0.001 <0.001
Model 1 1.00 (reference) 1.516 (0.766-3.001) 4.928 (2.295-10.579)
P 0.232 <0.001 <0.001
Model 2 1.00 (reference) 1.355 (0.649-2.829) 4.006 (1.757-9.130)
P 0.063 0418 0.001 0.001
Model 3 1.00 (reference) 1.143 (0.537-2.433) 2.974 (1.262-7.011)
P 0.728 0.013 0.014

GPLDI (pg/mL)  <10.71 10.72-15.05 >15.06
Univariate 1.00 (reference) 1.707 (0.935-3.115) 6.306 (3.128-12.714)
P 0.081 <0.001 <0.001
Model 1 1.00 (reference) 1.201 (0.611-2.362) 4.126 (1.920-8.868)
P 0.595 <0.001 <0.001
Model 2 1.00 (reference) 1.429 (0.690-2.960) 3.568 (1.545-8.239)
P 0.337 0.003 0.003
Model 3 1.00 (reference) 1.437 (0.658-3.140) 3.126 (1.272-7.683)
P 0.836 0.095 0.039
ADP (pg/mL) <12.99 13.00-19.84 >19.85

Univariate 2.583 (1.372—-4.865) 1.389 (0.761-2.535) 1.00 (reference)
P 0.003 0.285 0.003
Model 1 2.266 (1.080—4.755) 1.131 (0.561-2.277) 1.00 (reference)
P 0.040 0.731 0.029
Model 2 1.958 (0.867—4.426) 0.901 (0.423-1.921) 1.00 (reference)
P 0.106 0.788 0.120
Model 3 1.119 (0.443-2.827) 0.710 (0.312-1.615) 1.00 (reference)
P 0.812 0.414 0.864

Bold P values indicated statistical significance (P <0.05)

OR odds ratios, CI 95% confident intervals, GPC4 glypican4, GPLD] glycosylphosphatidylinositol-specific
phospholipase D, ADP adiponectin

Model 1: adjusted for age, gender, and BMI
Model 2: further adjusted for SBP, AST, and FBG based on the Model 1
Model 3: further adjusted for TC, 1g-TG, and HDL-C based on the Model 2
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