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Abstract. Background/Aim: Prediabetic stages of impaired
fasting glucose (IFG) and impaired glucose tolerance (IGT)
exhibit differences in the sites of insulin resistance. Serum
Zinc a-2 glycoprotein (ZAG), acylated ghrelin (AG), and
zinc (Zn) levels can affect IFG, IGT, and diabetic glucose
tolerance (DGT) differently. This study examined the
importance of ZAG, AG, and serum Zn levels in prediabetic
individuals with IFG, IGT, and DGT, compared to those with
normal glucose levels. Patients and Methods: The study was
conducted at Istanbul University Cerrahpasa-Cerrahpasa
Faculty of Medicine. A total of n=151 volunteers were
classified according to the WHO criteria for diabetes after
undergoing an oral glucose tolerance test. Plasma and
serum samples were measured by Inductively Coupled
Plasma Optical Emission Spectroscopy, ELISA, and
immunoassay. Results: Prediabetic conditions became more
prominent with the decrease in ZAG levels. ZAG levels
showed a negative correlation with acylated ghrelin and
Homeostatic Model Assessment for assessing beta-cell
Sfunction and insulin resistance. Zinc levels were significantly
lower in DGT. Conclusion: ZAG levels have regulatory
effects on insulin resistance and plasma glucose levels are
mediated by zinc and acylated ghrelin.
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Type 2 diabetes, preceded by impaired fasting glucose (IFG)
and/or impaired glucose tolerance (IGT), is the most prevalent
endocrine disease caused by insufficient insulin secretion or
inefficiency. This not only leads to dysglycemia and overt
diabetes but also to microvascular complications and
cardiovascular disease (CVD) (2, 3). IFG and IGT exhibit
disparities in the organ or tissue sites where insulin resistance
manifests. IFG is related to hepatic insulin resistance with
normal peripheral insulin sensitivity and a defect in insulin’s
early response to glucose. In contrast, IGT is predominantly
associated with insulin resistance in the muscles and leads to
a weakened response to postprandial insulin secretion (4).
However, both of these abnormal dysglycemic states—solely
termed as isolated IFG or isolated IGT, or when overlapped
to form the grey zone as impaired fasting glucose
accompanied with impaired postprandial dysglycemia—are all
related to abnormalities in incretin hormones, glucagon
dysregulation, high levels of inflammation, impaired lipolysis,
and atherogenic dyslipidemia, and therefore, they should be
studied separately (5). Adipose tissue, as an endocrine organ,
releases bioactive peptides called adipokines (6). These
adipokines are linked to insulin resistance, hyperglycemia,
and adipocyte-released metabolites. Zinc-a2-glycoprotein
(ZAG or AZGP1) is a recently identified soluble adipokine
characterized by an open groove structure facilitating the
binding of hydrophobic ligands, such as polyunsaturated fatty
acids and zinc. This structural feature suggests a potential
involvement in lipid mobilization processes, and a capacity to
serve as a stimulator of uncoupling proteins (6). Although
ZAG has been related to moderate weight loss in vitro, lipid
mobilization, and cachexia in some studies, it is still unclear
if serum ZAG levels are associated with obesity, metabolic
syndrome, or insulin resistance (7). Some crystallographic
studies have asserted that ZAG contains a strong affinity to
zinc ions (8, 9), yet the relationship between serum ZAG
protein and serum zinc (Zn) is not fully explained. Zn,
however, is known for its relationship with insulin (10),
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having antioxidant properties by protecting protein sulthydryl
groups (11). Furthermore, it contributes to the stabilization,
storage, and release of insulin heterodimers and hexamers,
thus playing a role in glycemic control (12). Another proposed
role for Zn is its interaction with free fatty acids, which
influences energy metabolism and insulin activity (13, 14).

Ghrelin is a unique lipolytic peptide hormone that also
affects glucose metabolism (15). The 28-amino-residue
peptide; acylated ghrelin (AG) which is the biochemically
active form, is one of the multifunctional hormones that has
been studied for its effects on sleep, behavior, as well as
hunger and energy balance. Ghrelin, secreted from the
oxyntic mucosa, is involved in the stimulation of lactotroph
and corticotrope functions and pancreatic excretions (1). In
some model studies, the effects of zinc treatment on AG
levels in diabetic rats (16) and the regulation of
mitochondrial lipid metabolism by AG were evaluated, but
AG treatment was not proven to be beneficial (17). To
evaluate the prediabetic importance of ZAG, AG, and zinc,
these biomarkers were studied in control, diabetic, and
prediabetic individuals with IFG and IGT.

Patients and Methods

The study was approved by the Istanbul University-Cerrahpasa,
Cerrahpasa Faculty of Medicine Clinical Research Ethics Committee
(No: 201383045809/917) and was conducted following the Helsinki
Declaration and Good Clinical Practice guidelines. All subjects
provided their informed consent prior to participation. The study
population consisted of volunteers who had registered for the first
time at the Endocrinology Clinic Cerrahpasa Faculty of Medicine,
Istanbul, Turkey, for an oral glucose tolerance test (0GTT). Using the
WHO criteria (18), groups were randomly formed from individuals
with normal glycemia, impaired glucose tolerance (IGT), diabetic
glucose tolerance (DGT), or Impaired Fasting Glucose Tolerance
(IFG). Normal glycemia (NG) was defined as a fasting serum glucose
level of <110 mg/dl and 2nd-h post-challenge serum glucose level of
<140 mg/dl (n=23, 13 women, 10 men, mean age: 55.6+7.7 years).
Subjects with fasting serum glucose levels less than 110 mg/dl were
classified as IGT (n: 46, women: 26, men: 20, mean age: 58.2+8.4
years) if their 2nd-h post-challenge glucose levels were between 140
and 199 mg/dl, and as DGT (n: 30, women: 15, men: 15, mean age:
59.0+11.1 years) if their 2nd-h post-challenge serum glucose levels
were =200 mg/dl. IFG subjects (n: 52, women: 29, men: 23, mean
age: 56.2+7.2 years) had fasting blood glucose levels between 100
and 125 mg/dl and 2nd-h post-challenge serum glucose values less
than 140 mg/dl. Exclusion criteria included hypertension, any
cardiovascular complications, pregnancy, having a family history of
diabetes, or being on diabetic medications.

Sample collection and preparation. After 12 h of fasting, 75 g of
anhydrous glucose dissolved in 250 ml of water (0GTT) was given
orally. Baseline and 2nd-h post-blood drawn were collected from
the antecubital vein in EDTA-containing tubes or anticoagulant-free
tubes. Blood samples were centrifuged within 20 min at 4°C. All the
serum and whole blood parameters (except ZAG, Zn, and ghrelin)
were determined immediately. The Hitachi Modular P analyzer uses

commercial kits to detect serum glucose, albumin, total cholesterol,
triglyceride, LDL cholesterol, and HDL cholesterol levels (Modular
D2400, Roche Diagnostic, Indianapolis, IN, USA). HPLC was used
to determine HbA1C. Serum insulin levels were determined using
a solid-phase-two-site chemiluminescent immunometric assay
(Modular P800 Roche Diagnostics, GmbH, Mannheim, Germany).
Serum samples were aliquoted and stored at —80°C until being
analyzed. Basal serum (Oth h) ZAG and AG levels were assayed
using a solid-phase sandwich ELISA (Human Zinc-alpha-2-
glycoprotein Elisa Kit, Catalog No: E2245h, LOT:3G085C, Wuhan
EIAab Science Co., Ltd, China, and Human Acylated Ghrelin
ELISA, Wuhan EIAab Science Co., Ltd Catalog No: E8707h,
LOT:3G085C, respectively). Serum ZAG and acylated ghrelin
levels were expressed as ng per ml. Intra and inter-assay coefficients
of variation (CV) for ZAG were 6.8 and 7.5%, respectively. Intra
and inter-assay CV for AG were 6.5 and 7.0%, respectively.

Basal serum zinc concentrations were determined by Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES
ThermoiCAP 6000 series; Thermo Fisher Scientific, Inc., Waltham,
MA, USA) at 206,200 nm. Zinc levels were expressed as ug per dl.
Height and body weight were measured with the patient standing in
light clothes without shoes for the BMI calculation. Homeostatic
model assessment (HOMA) for assessing beta-cell function and
insulin resistance (HOMA-IR) was calculated by using the formula
[fasting glucose (mg/dl)xfasting insulin (pU/ml)]/405 from the
baseline blood. A post-hoc sample size analysis was conducted for
the ANOVA test, which is utilized for groups with unequal sample
sizes. Sample Size Calculator version 1.060 was employed, and a
significance level (alpha) of 0.05 was set, resulting in a calculated
test power of 0.82.

All data are expressed as meanszstandard deviation. Statistical
significance was defined as p<0.05. Normality was tested and for
parametric comparison within groups, ANOVA with post hoc
Scheffe or Games-Howell test was used. For nonparametric
comparison among groups, the pairwise Kruskal-Wallis test was
used. For sex comparison, the Mann-Whitney U-test was used.
ANCOVA was used to adjust for potential confounding factors, such
as BMI and age. The relationship between the analyzed parameters
was expressed using Spearman’s rank correlation coefficients (p).

Results

Demographic details and baseline biochemical characteristics
of the subjects are given in Table I. To address the prediabetic
stages, groups’ compliance with WHO criteria was examined.
The NGT group’s fasting blood glucose level was significantly
lower than those of the IFG, IGT, and DGT groups (all
p<0.005). The IGT group’s fasting glucose level was
significantly lower than those of the IFG and DGT groups (all
p<0.001). 2" hour blood glucose levels after OGTT in the
DGT group were significantly higher than those in the NGT,
IFG, and IGT groups (all p<0.001) and were higher in the IGT
group, than in the NGT and IFG groups (both p<0.001).

HOMA-IR was significantly higher in the IFG group than
in the NGT and IGT groups (both p<0.001). Furthermore, the
HOMA-IR of the NGT group was significantly lower than
those of the DGT and IGT groups (p<0.001 and p<0.005
respectively).
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Table 1. Demographic details and biochemical characteristics of the subjects with normal (NGT), impaired (IGT), and diabetic (DGT) tolerance
and the subjects with impaired fasting glucose tolerance (IFG).

Groups Normal Impaired Impaired Diabetic
glucose fasting glucose glucose
tolerance glucose tolerance tolerance
n 23 52 46 30
Male/Female 10/13 23/29 21/25 15/15
Age (years) 55.6+7.7 56.2+7.2 58.2+8.4 59.0+11.1
Body Mass Index (kg/m?2) 28.2+7.3 31.0£3.4 30.8+5.8 31.0£3.2
Total cholesterol(mg/dl) 214.7£37.5 214.5+25.3 219.3+29.5 220.9+36.3
HDL-cholesterol (mg/dl) 52.7+8.1 48.9+9.1 46.7+9.622 44.7+12.942
LDL-cholesterol (mg/dl) 131.7+36.1 135.3+23.7 142.4+27.5 149.2+28.0
Triglycerides (mg/dl) 150.8+20.1 150.4+27.7 151.6+35.0 154.9+24 8
Fasting glucose (mg/dl) 92.7+7.5 110.15.7a1¢1 98.6+7.232 108.6+10.721.¢l
2nd hour OGTT (mg/dl) 116.3x16.1 112.6+£21.0 165.4+17.731 221.5+17.7a1.bel
HOMA-IR 1.67+1.25 4.16+2.7681 ¢l 2.34+1.3942 3.04+1.78al
Albumin (g/dl) 4.5+0.17 4.60+0.81 4.28+1.71 4.22+0.44
CRP (mg/l) 3.92+5.57 5.05+£3.99 5.40+6.10 7.59+6.79

aComparison with NGT; 21p<0.001, 22p<0.05; bComparison with IFG; p<0.001; c<Comparison with IGT; ¢1p<0.001, ¢2p<0.005.

Table II. Mean of serum zinc alpha-2 glycoprotein (ZAG), acylated ghrelin (AG), and zinc levels of the subjects with normal (NGT), impaired (IGT),
diabetic (DGT) tolerance and the subjects with impaired fasting glucose (IFG).

Groups NGT IFG IGT DGT

ZAG (ng/ml) 59.79+9.50 42.73+14,71al 50.73+7.98a2.b2 51.83+9.87a2.b2
AG (ng/ml) 4.78+1.49 5.82+1.8442 6.82+1.62a1.b2.d1 5.33+1.7322
Zinc (pg/dl) 113.5£24.2 122.4425.4 108.2+19.8 92.6+23 4a2.b2¢1

aComparison with normal glucose tolerance; 21p<0.001, 32p<0.05; PComparison with impaired fasting glucose; P2p<0.05; “Comparison with impaired

glucose tolerance; ¢1p<0.05; dComparison with diabetic glucose tolerance; dlp<OA05.

The mean age and the mean concentration values of
baseline BMI, serum total cholesterol, LDL cholesterol
(mg/dl), triglyceride (mg/dl), albumin (g/dl), CRP (mg/l)
showed no variation among the groups (all p>0.05). HDL
cholesterol levels (mg/dl) were lower in the IGT and DGT
groups compared with the NGT group (p<0.005).

Serum ZAG, AG, and Zinc levels are given in Table II.
The NGT group had significantly higher mean serum ZAG
levels than the IFG, IGT, and DGT groups (p<0.001, p<0.05,
and p<0.05, respectively). Furthermore, the mean serum
ZAG level in the IFG group was significantly lower than
those in the DGT and IGT groups (both p<0.05). Mean AG
levels in the IGT group were significantly higher than those
in the NGT, DGT, and IFG groups (p<0.001, p<0.05, and
p<0.05, respectively). Mean serum zinc levels were
significantly lower in the DGT group compared to those in
the IFG, NGT, and IGT groups (p<0.05, p<0.05, and p<0.05
respectively). Serum zinc levels in the IFG group were
higher than those in the IGT group, but no significant
difference was observed. Only serum ZAG levels were found
to be substantially different when groups were evaluated

according to sex, as shown in Table III. Serum ZAG levels
in males were higher in all groups (p<0.005).

Significant but weak to mild correlations were found among
ZAG, ghrelin, Zn, and age, as shown in Table IV. Serum ZAG
levels were negatively correlated with serum acylated ghrelin
levels (r=-0.538, p<0.001), HOMA-IR levels (r=—0.342,
p<0.001), and fasting glucose levels (r=—0.349, p<0.001).
Serum ZAG levels were significantly negatively correlated
with fasting glucose levels (r=-0.349, p<0.001), age
(r=-0.171, p<0.05), and positively with 2nd_py glucose levels
(r=0.187, p<0.05) and weakly with triglyceride levels
(r=0.298, p<0.05). When split into NGT, IGT and IFG groups,
only in the IFG group, there was a significant negative
correlation between serum zinc levels and 2-h glucose levels
(r=-0.367, p<0.001) and a positive correlation with ZAG
concentration (r=0.523, p<0.001). And ghrelin showed a
positive correlation with HOMA-IR (r=0.275, p<0.05).

To test the effect of BMI as a confounder, three subgroups
were formed: normal (<24; n=14), overweight (=25-29;
n=58), and obese (=30; n=79). Only the DGT group’s
HOMA-IR level showed a significant difference in terms of
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Table III. Comparison of serum zinc alpha-2 glycoprotein (ZAG), acylated ghrelin, and zinc according to sex.

Groups NGT IFG IGT DGT
HOMAIR Male 1.53+1.18 3.78+2.39 1.88+0.73 2.61+1.78
Female 1.79+£1.29 4.45+3.03 2.44+1.22 347+1.73
Zn (ug/dl) Male 113.30+30.18 119.86+22.47 106.04+20.98 91.60+29.87
Female 113.76+£19.81 124.37+£27.77 109.96+18.93 93.66+14.53
ZAG (pg/ml) Male 64.32+6.12%* 43.03+16.06* 54.39+4.91% 54.42+12.06*
Female 56.30+10.51 42.49+13.83 47.66+8 .81 49.25+6.48
AGhrelin (ng/ml) Male 4.392+1.49 5.99+1.92 6.65+1.42 5.34+1.77
Female 5.07+1.50 5.69+1.78 6.95+1.79 5.32+1.74

Comparison to female subjects *p<0.05 with MWU test. NGT: Normal glucose tolerance; IFG: impaired fasting glucose; IGT: impaired glucose

tolerance; DGT: diabetic glucose tolerance.

BMI compared with the NGT group (p=0.049). To test for
possible confounders, not only BMI but also age was tested
through hierarchical regression; no interrelationship was
discovered for age and BMI groups (p=0.202; p=0.171, and
p=0.382; for the dual effect of Age+ BMI). A multivariate
stepwise regression test revealed that no other factors were
associated with HbAlc, except ZAG, which was shown to
be independently (std coef. P=-0.432 and p<0.001)
associated with HOMA-IR.

Discussion

In the stages leading up to diabetes, distinctive metabolic
patterns emerge, contingent upon the location of insulin
resistance—whether in the liver or peripheral tissues—
specifications of the tissues involved in modulating glucose
uptake (19). The meta-analysis of 16 studies with n=147,000
volunteers suggests that IFG and IGT groups should be
addressed separately due to their distinctive pathophysiology
(20). In individuals with isolated IFG, there is diminished
sensitivity of [3-cells and reduced insulin levels in the liver,
rather than primary insulin resistance. Due to the elevated
gluconeogenesis and impaired suppression of liver glucose
output, high fasting glucose levels with high basal
hyperinsulinemia occur. In isolated phases of IGT, there is
notable insulin resistance in muscle tissue, along with
compromised first- and second-phase insulin secretion from the
pancreas. Additionally, f3-cells exhibit reduced responsiveness
to glucose levels. Consequently, following a carbohydrate-rich
meal or glucose intake, muscle insulin resistance hinders
glucose uptake, resulting in postprandial hyperglycemia (21,
22). In our study, we evaluated baseline serum ZAG, AG, and
Zn levels, with their distinguished prediabetic significance, in
isolated IFG, isolated IGT, and DGT groups.

Our first biomarker was ZAG, which is a soluble
polypeptide adipokine that has been suggested to bind beta-
3-adrenoreceptors (B-AR) in adipocytes (23). Russell ef al.
found that when ZAG and its 3-AR antagonist (propranolol)

Table IV. Pearson correlation analysis (r) between serum zinc alpha-2
glycoprotein (ZAG), acylated ghrelin, zinc, glucose, and HOMA-IR in
the studied subjects.

Zinc ZAG Acylated ghrelin

ZAG 0.123 1 —0.538%*
Acylated ghrelin -0.159 —0.538%%* 1
HOMA-IR 0.043 —0.342%* 0.127
Fasting glucose 0.005 —0.349%%* 0.017

2 hours of glucose —0.367%* 0.187* -0.056

Age -0.127 —0.171* —0.217%*
Triglyceride 0.161 0.298+** 0.106

*Correlation is significant at the 0.05 level; **Correlation is significant
at the 0.01 level.

were given to ob/ob mice, increased glucose excretion from
urine, and glucose uptake into skeletal muscle was observed,
which can regulate body weight and insulin sensitivity (24).
ZAG expression and ZAG protein levels showed a negative
correlation between insulin resistance in adults (25). In
children negative correlation between ZAG and HOMA-IR,
BMI, and fasting insulin levels were found (26). In our
study, the HOMA-IR and serum ZAG levels showed a
negative correlation (r=—0.342). Furthermore, mean blood
ZAG levels in the NGT group were significantly higher than
those in the FG, IGT, and DGT groups (p<0.001; p<0.05,
and p<0.05, respectively), demonstrating that ZAG has an
insulin-like effect by increasing glucose uptake by cells.
Yang et al. and Qu et al., also found that the control groups
had the highest serum ZAG concentrations, while the type 2
diabetes mellitus group (T2DM) had the lowest ZAG levels
(27). Qu et al., also asserted that ZAG/HOMA-IR ratio is a
better indicator of insulin resistance in prediabetics than the
triglyceride/glucose ratio (28) but neither of these studies
distinguish between IFG and IGT. Our results also showed
that the mean serum ZAG levels in the IFG group were
lower compared to the DGT and IGT groups (p<0.05, and
p<0.01 respectively) indicating that ZAG has better potential
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as a biomarker for hepatic insulin resistance. In our study,
we took into consideration the influence of sex on serum
ZAG levels. It was consistently observed that males
exhibited higher ZAG levels across all groups. This finding
aligns with Yeung et al.’s (29) who found that ZAG is
independently associated with male sex, hyperglycemia,
serum triglycerides, and C-reactive protein levels. In our
study, ZAG levels were inversely related to hyperglycemia,
positively correlated with serum triglycerides, and were
greater in males.

Zinc is an essential trace element and is also involved in
the synthesis, storage, secretion, conformational stability, and
integrity of hexameric insulin (11). It has also been
hypothesized that Zinc increases appetite-related gene
expression (30). Insulin-like effects of zinc, such as
lipogenesis and glucose transport have also been shown (31).
In our study, mean serum zinc levels in the DGT group were
significantly lower than those in the NGT, IFG, and IGT
groups (p<0.05, p<0.05, and p<0.05, respectively). These
low-serum Zn levels were just an indication of DGT and
showed no correlation with HOMA-IR or triglycerides.
While Zn exhibits insulin-mimetic properties, whether zinc
is expended or recycled during glucose reuptake remains
uncertain. Consequently, plasma and serum zinc levels do
not reliably reflect the body’s genuine zinc status. This leads
to incongruities, wherein comparisons between insulin and
zinc levels may yield disparate outcomes, manifesting as
either diminished or baseline zinc levels (12, 31). One of our
study’s most notable findings was that serum levels of Zn
and ZAG were only positively correlated in the IFG group
(p<0.001). Even though this positive correlation might
appear contradictory at first, we evaluate this as the
utilization of serum zinc by both Zinc-a2-glycoprotein
(ZAG) and insulin. This explains why zinc may mediate
ZAG integrity, suggesting that decreased serum ZAG levels
in the IFG group may be attributable to elevated levels of
free Zn in the serum. Furthermore, BMI was higher in the
IFG group than in the other groups, demonstrating that the
link between ZAG and Zn also involves lipid metabolism. In
the literature, Zn and free fatty acids bind to the same sites
in ZAG (8, 32); hence, increased zinc concentrations
decreased the binding of palmitate to ZAG, which is
compatible with our findings. Ghrelin, the only known
peptide that is modified by fatty s and octanoylated is also
claimed to have an impact on adiposity and diabetes (33) and
is also secreted from pancreatic alpha, beta, and epsilon cells
(34). Acylated ghrelin promotes the regulation of feeding
behavior, energy homeostasis, and adiposity (15, 32). In
experimental settings, glucose administration or food intake
decreases plasma AG concentrations (35, 36). Studies have
shown that ghrelin has both stimulatory (36) and inhibitory
effects (8, 37) on insulin secretion. In human subjects,
insulin infusion also decreases AG concentrations (38)

IFG IGT
High Fasting Glucose High 2hrlalucose
High HOMA-IR High HOMA-IR

p . Zinc-a2- v Insullin I
. Glycoprotem ‘ =>)  Resistance
Zinc —
o sate Acylated I
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Figure 1. Zinc alpha-2 glycoprotein, acylated ghrelin, and zinc levels
in IFG and IGT groups.

whereas parenteral administration of insulin does not affect
AG concentrations (39). Our results revealed that basal AG
levels, which is the active form of ghrelin (40) were higher
in the prediabetic and diabetic stages, and the highest serum
AG levels were found in the IGT group when compared with
the IFG, DGT, and NGT groups (p<0.001, p<0.050, and
p<0.005, respectively). AG levels in the IFG group were also
higher than those in the NGT group (p<0.05). Although the
mechanisms that govern AG secretion during fasting and
postprandial suppression are unknown (41), our findings
suggest that AG is more likely to indicate peripheral insulin
resistance rather than hepatic insulin resistance. In our study,
serum ZAG levels were also negatively correlated with
serum AG levels. As a result, for the first time, we showed
that serum Zinc and ZAG play a role in regulating acylated
ghrelin metabolism independently of BMI (Figure 1).

Conclusion

Our results show that when ZAG levels decrease, prediabetic
conditions become prominent, and increased acylated ghrelin
levels indicate a peripheral IR. As a result, ZAG may have
regulatory effects on insulin resistance and on regulation of
plasma levels by zinc and acylated ghrelin.
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