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Abstract

Background and Aims In both type 1 diabetes (T1DM) and type 2 diabetes (T2DM), previous studies have yielded
inconsistent findings regarding whether the levels of the soluble receptor for advanced glycation end products
(sRAGE) are significantly altered. This meta-analysis aims to systematically evaluate the changes of SRAGE levels in
patients with TIDM and T2DM.

Methods PubMed, Embase, and Web of Science were systematically searched from inception until April 2024. We
included studies reporting sRAGE levels in individuals with T1DM or T2DM, using non-diabetic healthy individuals as
the control group. A random-effects model was applied to conduct a meta-analysis of effect measures (means and
SDs).

Results 49 datasets from 32 studies, involving 4948 subjects, met the inclusion criteria. A random-effects model
meta-analysis showed that sSRAGE levels in T1DM subjects (SMD 0.45, Cl: 0.16-0.73, P=0.002) and T2DM subjects with
complications (SMD 1.59, Cl: 0.77-2.41, P=0.0001) were significantly higher than those in the control groups. No
statistically significant change in sRAGE levels was observed in T2DM subjects without complications (SMD 0.01, Cl:
-0.61-0.64, P=0.97). A decrease in SRAGE levels was observed in subjects with newly diagnosed T2DM (SMD-0.40, Cl:
-0.71--0.09, P=0.01).

Conclusion This meta-analysis indicated that sRAGE levels increased in T1DM patients and T2DM patients with

complications, while they decreased in newly diagnosed T2DM patients. No significant difference was observed

in T2DM patients without complications. Clearly, changes in sSRAGE levels in patients with T1DM or T2DM are not
uniform, but depend on the different types and stages of the disease.
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Introduction

Chronic complications of diabetes are a major cause of
disability and mortality in diabetic populations, signifi-
cantly increasing the public health expenditures related
to diabetes. One of the major mechanisms underlying
the development and progression of these complications
involves advanced glycation end products (AGEs) and
their associated molecular pathways [1].

Advanced glycation end products (AGEs) are a group
of heterogeneous molecules produced through the non-
enzymatic glycation and oxidation of proteins, lipids, and
nucleic acids [1]. AGEs formation proceeds slowly under
euglycemic conditions, but is accelerated in hyperglyce-
mia, oxidative stress, and situations where protein and
lipid turnover is prolonged [1]. AGEs can directly capture
and crosslink proteins, or activate signaling pathways
by binding to advanced glycation end product receptors
(RAGE), also known as full-length RAGE (fl-RAGE) on
the cell surface, leading to impaired pancreatic B-cell
function and peripheral tissue insulin resistance [2].

In addition to AGEs, RAGE can bind to other ligands,
including high-mobility group box protein 1 (HMGB1),
S100 proteins, p-amyloid, B-sheet fibrils, and lipopoly-
saccharides [1]. [3]. Physiologically, RAGE expression
is typically low in tissues. However, in metabolic, inflam-
matory, and age-related diseases, elevated RAGE expres-
sion is commonly observed [4]. Besides being located on
the cell membrane, RAGE also exists in soluble forms,
including endogenous secretory RAGE (esRAGE) and
cleaved RAGE (cRAGE). esRAGE is a splice variant of
RAGE secreted by cells, while cRAGE is proteolytically
cleaved from fl-RAGE by matrix metalloproteinases
(MMPs) [1]. They are collectively referred to as soluble
receptors for advanced glycation end products (SRAGE).
sRAGE circulates in the bloodstream and competes with
fl-RAGE, reducing ligand availability by binding to or
sequestering RAGE ligands [3]. Therefore, SRAGE is rec-
ognized as a protective receptor.

Numerous studies have reported that elevated sSRAGE
levels in patients with diabetes are closely related to car-
diovascular complications [5], renal complications [6],
and even mortality [5]. [6]. The changes of sSRAGE
levels in diabetes patients compared with non-diabetic
healthy individuals can predict the complications, sug-
gesting that SRAGE can be used as a predictor of dia-
betes complications. However, in either type 1 diabetes
(T1IDM) or type 2 diabetes (T2DM), previous studies
[7-38] have been inconsistent regarding whether sSRAGE
levels are significantly altered. Some studies [7, 8, 10, 13—
20, 22, 23, 28, 30, 31, 33] have confirmed that sSRAGE lev-
els in patients with diabetes are higher those in healthy
individuals, while others [9, 11, 21, 27, 32, 34, 36-38]
have shown that they are lower. Additionally, some stud-
ies others [12, 13, 17, 24-26, 29, 31, 35] have indicated

Page 2 of 13

no difference between the two groups. These inconsistent
conclusions have caused confusion among researchers.
Currently, no comprehensive analysis has been con-
ducted on the relationship between sSRAGE and diabetes.
In this context, we performed a meta-analysis to investi-
gate SRAGE levels in patients with diabetes, thereby pro-
viding substantial insight into the relationship between
sRAGE and diabetes.

Research design and methods

This meta-analysis followed the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses
(PRISMA), and was registered in PROSPERO under reg-
istration number CRD42024521252.

Search strategy

We searched the PubMed, Embase, and Web of Science
databases from inception to April 2024. Medical Subject
Headings (MeSH) such as ‘Receptor for Advanced Gly-
cation End Products, ‘Diabetes Mellitus, ‘Diabetes Mel-
litus, Type 1, ‘Diabetes Mellitus, Type 2, and related text
words were used to identify studies evaluating circulating
sRAGE concentrations in patients with type 1 or type 2
diabetes. The details of the search strategy are provided
in the Supplementary Material.

Study selection

Relevant studies were independently selected by three
investigators (Q. C., W.K., and X.L.). Any conflicts were
resolved by consensus or through consultation with a
fourth investigator (Y.L.). We defined the inclusion cri-
teria based on a specific population (P), intervention
(I), comparator (C), and outcome (O), as recommended
by PRISMA. We included studies that reported serum
concentrations of SRAGE (O) in patients with type 1 or
type 2 diabetes (P). The control groups were non-diabetic
healthy individuals (C). No study type restrictions were
applied. We excluded studies with incomplete data, stud-
ies involving diabetic patients with severe comorbidities
(such as severe liver, kidney dysfunction or cancer), and
studies that only focused on subtypes of SRAGE. Reviews,
letters, editorials, or case reports were also excluded. If
the same population data were reported in multiple stud-
ies, only the one with the most detailed information and
largest sample size was included, while the others were
excluded.

The outcomes we sought for meta-analysis were means
and standard deviations (SDs). If a publication reported
medians and interquartile ranges (IQR), we used the
approach proposed by Wan et al. [39] and Luo et al. [40]
to estimate the means and SDs. Studies that did not pro-
vide means and SDs or other information that allowed for
calculation of means and SDs were also excluded.
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Data extraction

Two authors (Q.C. and W.K.) independently extracted
data using a standardized spreadsheet. The following
information was extracted from the included studies: first
author, year of publication, country, patients’ baseline
information of DM Groups and Control Groups (sam-
ple size, patient type, DM duration, patient characteris-
tics, percentage of male participants, age, BMI, HbA1C,
sRAGE, and outcomes of interest). Any inconsistencies
were resolved by discussion with a third author (L.Y.).

Quality assessment

The quality of evidence was rated using the Newcas-
tle—Ottawa Scale [41]. The content of the assessment
includes three domains: selection, comparability, and
exposure. The detailed rules are listed in Supplementary
Table S1. The scores range from 0 to 9 points, with 7 to
9 points indicating high quality, 5 to 6 points indicating
medium quality, and 0 to 4 points indicating poor quality.

Statistical analysis

The means and SDs of the included studies were pooled
using a random-effects meta-analysis. Outcome mea-
sures were calculated as the standardised mean differ-
ence (SMD), which was used to determine the magnitude
of the effect, where <0.2, 0.2, 0.5, and 0.8 were defined
as trivial, small, moderate, and large, respectively. Forest
plots were drawn to intuitively visualize the means and
SDs across studies for each outcome using a random-
effects model. The Cochrane Q statistic and the I? sta-
tistic were calculated to evaluate heterogeneity across
the included studies; P<0.05 was considered statistically
significant, and the percentages of I* were categorized as
0-25%, 26—-50%, 51-75%, and 76—100%, which were con-
sidered to be low, modest, moderate, and high probability
of heterogeneity, respectively [42]. In addition, sensitiv-
ity analyses were performed by excluding studies one at
a time to assess the influence of each individual study on
the overall effect estimates. Funnel plots and Egger’s test
were used to evaluate publication bias. When publication
bias was indicated, the trim-and-fill method was used to
assess the stability of results. All analytical procedures
were conducted with Review Manager (RevMan) Version
5.3 (The Cochrane Collaboration) and STATA version
17.0 (StataCorp, 4905 Lakeway Dr, College Station, TX
77845, USA).

Data and resource availability
All data relevant to the study are included in the article or
uploaded as an additional file.

Page 3 of 13

Results

Characteristics of the included studies

In total, 5947 potentially relevant publications were iden-
tified. Of these, 1759 duplicates were excluded. After
screening the titles and abstracts, 123 studies were iden-
tified for further detailed evaluation. Eventually, 32 stud-
ies with 49 datasets [7-38] published between 2005 and
2024 were included in the final meta-analysis, involving
a total of 4948 subjects, consisting of 811 subjects with
type 1 diabetes and 4137 subjects with type 2 diabetes. A
flowchart of this process is shown in Fig. 1.

The baseline characteristics of these subjects are illus-
trated in Table 1. 9 datasets from 8 studies [7, 8, 13, 18,
23, 24, 29, 31] included subjects with type 1 diabetes,
while 40 datasets from 25 studies [9-17, 19-22, 25-28,
30, 32-38] focused on subjects with type 2 diabetes.
Among them, 16 datasets [9-11, 15, 17, 20, 21, 27, 30,
32-35, 37, 38] were from type 2 diabetes subjects with-
out any complications, of which 5 datasets [21, 27, 35, 37]
were from newly diagnosed type 2 diabetes patients; 13
datasets [10, 15, 17, 20, 28, 30, 33, 34] were from type 2
diabetes subjects with complications, of which 5 datasets
[17, 20, 28, 33] were from patients with diabetic nephrop-
athy, 4 datasets [20, 28, 30, 33] from patients with dia-
betic retinopathy, 3 datasets [10, 15, 20] from patients
with CVD, and 1 dataset [20] from patients with diabetic
neuropathy. Additionally, 11 datasets did not provide
detailed patient characteristics.

Among the studies, the sample sizes of the DM groups
ranged from 15 to 1072, with average ages ranging from
12.69 to 70 years. The proportion of men in these groups
ranged from O to 70.65%. The mean or median BMI
ranged from 19.45 to 32.50 Kg/m? The mean HbA1C
ranged from 6.15 to 10.47%. In the selected studies, the
variation trend of SRAGE levels between the diabetes and
healthy control groups was not consistent. In 13 datas-
ets derived from 9 studies [9, 11, 21, 27, 32, 34, 36-38],
SRAGE levels in subjects with diabetes were lower than
those in the healthy group. In contrast, in 26 datasets
from 17 studies [7, 8, 10, 13-20, 22, 23, 28, 30, 31, 33],
sRAGE levels in subjects with diabetes were higher than
those in the healthy group, while 10 datasets from 9 stud-
ies [12, 13, 17, 24-26, 29, 31, 35] showed no statistically
significant difference between the two groups. For all
included studies, the average Newcastle—Ottawa Scale
scores ranged from 5 to 7, indicating medium to high
methodological quality (Additional file: Supplementary
Table S1).

Given that the included studies involved various popu-
lations (type 1 diabetes, type 2 diabetes with or without
complications), we further analyzed sRAGE levels across
different patient subgroups.
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1759 Excluded (Duplicates)

Other publication types (Reviews, Letters, Abstracts,
Comments, Conference Papers, etc.)(n=1723)

Not relevant(animal studies,basic experiments,or did

not study either DM patients or SRAGE)(n=2342)

Without healthy control group (n=41)
With critical disease, infectious disease,
tumor or pregnancy (n=11)

With medication intervention (n=6)

Non-diabetes patients (n=9)

( \ Records identified through searching:
g PubMed (n=1593)
kS EMBASE (n=3569)
i
‘% ‘Web of Science (n=785)
=
~—
)
Title and abstract screen
) (n=4188)
&
5
(7a}
— N
—
z
::3 Full-text articles assessed for
UD LN Pt B3
= eligibility (n=123)
N
)
=
o2
= Aticles included in the
meta-anlysis (n=32)
.

Data unavailable or could not be extracted
(n=14)

Only subtypes of SRAGE were studied (n=9)
Mutiple results from the same study (n=1)

Fig. 1 Flowchart of the literature search and study selection

sRAGE in patients with type 1 diabetes

Data from 9 datasets across 8 studies [7, 8, 13, 18, 23,
24, 29, 31] focused on subjects with type 1 diabetes were
pooled and analyzed. Compared with the healthy group,
sRAGE levels in subjects with type 1 diabetes moderately
but significantly increased (SMD 0.45, CI: 0.16-0.73),
with high heterogeneity (I>=79%, P=0.002). Follow-
ing the exclusion of the study by Martin Heier [24], the
I? statistic decreased from 79 to 30%. Considering the
potential heterogeneity introduced by patient age, an age-
stratified analysis was conducted for subjects with type
1 diabetes. Subjects aged 18 and above were classified
as the adult group, while those under 18 were classified
as the underage group. In the stratified subgroup analy-
sis, SRAGE levels moderately but significantly increased
in adult subjects with type 1 diabetes (SMD 0.48, CI:

0.31-0.65, I*=0%, P<0.0001). In contrast, no statistically
significant difference was observed between the under-
age subjects with type 1 diabetes and the healthy group
(SMD 0.43, CI: -0.13-1.16, P=0.25) (Fig. 2).

sRAGE in patients with type 2 diabetes

Data from 40 datasets across 25 studies [9-17, 19-22,
25-28, 30, 32—38] on subjects with type 2 diabetes were
pooled to analyze the difference in SRAGE levels. The
difference in SRAGE levels between the total population
with type 2 diabetes and the healthy group only reached
borderline significance (SMD 0.40, CI: -0.02-0.83,
12=99%, P=0.06). We conducted a subgroup analysis by
stratifying the patients based on the presence or absence
of diabetic complications. In individuals with diabetic
complications, SRAGE was found largely and significantly
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DM Groups Control Groups Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI
2.1.1 The adult
Alan C H Lee 2015 999.29 351.93 102 822.06 449 101 13.0% 0.44[0.16, 0.72] -
J Skrha Jr 2011 1,137 532 45 824 309 43 11.1% 0.71[0.28, 1.14] —_—
Marion Challier 2005 1,320 459 45 1,041 392 35  10.8% 0.64 [0.19, 1.09] ——
Naoto Katakami 2008 1,505 599 130 1,314 474 22 10.8% 0.33 [-0.13, 0.78] T
S F Bakker 2015 1,395 467 25 1,309 400 25 9.5% 0.19 [-0.36, 0.75] b
S F Bakker 2015* 1,554 449 25 1,309 400 25 9.4% 0.57 [0.00, 1.13] —
Subtotal (95% ClI) 372 251 64.6% 0.48 [0.31, 0.65] <&
Heterogeneity: Tau? = 0.00; Chi? = 3.20, df = 5 (P = 0.67); I* = 0%
Test for overall effect: Z = 5.54 (P < 0.00001)
2.1.2 The underage
Athina Dettoraki 2009 1,430 760 74 1,158 595 43  11.8% 0.38 [0.00, 0.76] =
Karolina Nocuf-Wasilewska 2021 380.2 282.9 66 84.94 227 21 9.9% 1.18 [0.66, 1.71] e
Martin Heier 2015 1,664 602 299 1,773 574 112 13.7%  -0.18 [-0.40, 0.03] -
Subtotal (95% CI) 439 176 35.4% 0.43 [-0.31, 1.16] <l
Heterogeneity: Tau? = 0.38; Chi? = 25.13, df = 2 (P < 0.00001); 12 = 92%
Test for overall effect: Z = 1.15 (P = 0.25)
Total (95% CI) 811 427 100.0% 0.45 [0.16, 0.73] L 2
Heterogeneity: Tau? = 0.14; Chi? = 37.66, df = 8 (P < 0.00001); I* = 79% _:2 " ) i 3

Test for overall effect: Z = 3.09 (P = 0.002)
Test for subgroup differences: Chi? = 0.02, df = 1 (P = 0.89), I* = 0%

Fig. 2 sRAGE in subjects with type 1 diabetes stratified by age (the adult and the underage) [ SMDs were pooled using random-effects meta-analysis]

higher than that in the healthy group (SMD 1.59, CL:
0.77-2.41, P=0.0001). There was no significant differ-
ence between individuals without complications and
the healthy group (SMD 0.01, CI: -0.61-0.64, P=0.97).
Substantial heterogeneity was detected in these studies.
(Fig. 3).

Subsequent subgroup analyses were conducted on
patients with different types of diabetic complications
and those newly diagnosed with type 2 diabetes. Com-
pared with the healthy group, large and significant
increases in SRAGE were observed in subjects with dia-
betic retinopathy (SMD 3.02, CI: 0.83-5.21, P=0.007),
CVD (SMD 1.56, CI: 1.28-1.83, P<0.00001)and diabetic
neuropathy (SMD 1.63, CI: 1.21-2.06, P<0.00001). No
significant difference was found in SRAGE levels of sub-
jects with type 2 diabetes nephropathy (SMD 0.44, CI:
-0.76-1.64, P=0.47). Significant heterogeneity has also
been found in studies on diabetic nephropathy and reti-
nopathy. (Fig. 4)

Five datasets were derived from 4 studies [21, 27, 35,
37] that focused on subjects with newly diagnosed type 2
diabetes. SRAGE levels were moderately but significantly
lower in subjects with newly diagnosed diabetes than
those in the healthy control group (SMD-0.40, CI: -0.71-
-0.09, I’=86%, P=0.01). (Fig. 5)

Sensitivity analysis

Sensitivity analysis was performed by excluding individ-
ual studies one at a time to detect the impact of each indi-
vidual dataset on the pooled SMD. For type 1 diabetes,
the pooled SMD estimates did not change significantly by
excluding any individual study in either range or direc-
tion (Additional file: Supplementary Figure S1). sSRAGE
in the overall type 2 diabetes population exhibited a mod-
est effect size of 0.40, with a confidence interval ranging

from —0.02 to 0.83. Following the exclusion of certain
studies [9, 11, 32, 34, 36], the pooled SMD estimates
showed a significant effect size, indicating that sSRAGE
levels in subjects with type 2 diabetes were greater than
those in healthy individuals. In the subgroup analysis of
type 2 diabetes subjects with and without complications,
after excluding individual study one at a time, the pooled
SMD estimates remained consistent and robust. (Addi-
tional file: Supplementary Figure S2 and S3)

Publication bias

Funnel plots assessing publication bias are shown in
the Supplementary Materials. The funnel plot for type
1 diabetes (Additional file: Supplementary Figure S4)
suggested publication bias, which was further corrobo-
rated by Egger’s test (P=0.023). Utilizing the trim-and-
fill method in the random-effects model, the outcome
showed no substantial variation after incorporating 4
additional studies (SMD: 1.190, CI: 0.893-1.584). The
direction of the results remained consistent with the
original findings, indicating outcome stability (Additional
file: Supplementary Figure S5). For subjects with type 2
diabetes, the funnel plots were symmetrical both in the
overall population and in subgroups with or without
complications. Egger’s test showed P=0.055, P=0.623,
and P=0.137, respectively (Additional file: Supplemen-
tary Figure S6).

Discussion

To the best of our knowledge, this is the first study to
comprehensively analyze the sRAGE levels in patients
with type 1 and type 2 diabetes. Interestingly, we found
that changes in SRAGE levels among diabetes patients
vary across different types and stages of the disease. This
may be because sRAGE levels in diabetes patients are



Chen et al. BMC Endocrine Disorders (2024) 24:232

Page 9 of 13

DM Groups Control Groups Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI
3.1.1 T2DM without compications
Eleonora Devangelio 2007 858.86 334.78 86 1,335.44 562.18 43 2.5% -1.12[-1.51, -0.73] -
Francesco Piarulli 2022* 620 220 31 310 70 27 2.5% 1.82 [1.20, 2.44] e
Giuseppina Basta 2006 181.87 220.26 84  752.63 364.24 76 2.5% -1.91[-2.29,-1.53] -
Jie Li 2020 470 170 22 310 110 50 2.5% 1.21[0.67, 1.75] -
K. C. B. Tan 2006 978.83 447.64 110 1,026 463.2 150 2.6%  -0.10[-0.35, 0.14] 1
Krishna A. Adeshara 2022 1,619 538.6 200 587 237.8 103 2.6% 2.24 [1.94, 2.54] -
Liangkai Chen 2024 898.88 410.13 1072 1,252.67 600.23 1072 2.6% -0.69[-0.78, -0.60] -
Liangkai Chen 2024* 968.48 454.95 127 1,117.68 546.95 381 2.6% -0.28 [-0.49, -0.08] -
Minglian Huang 2015 590 160 30 748 180 30 2.5% -0.92 [-1.45, -0.38] -
Ning Dong 2015 293.81 112.91 113 137.87 66.44 108 2.6% 1.67 [1.36, 1.98] i
Sandeep Singhal 2016* 555.99 83.53 15 732.88 68.97 15 2.3% -2.25[-3.19, -1.31] —
Shazia Qayyum 2021 582.04 206.04 150 164.05 70.53 150 2.6% 2.71[2.39, 3.02] -
Sinan Subhi Farhan 2019 912.8 294.3 25 1,718.3 455.7 20 2.4% -2.11[-2.86,-1.37] —_—
Subrata Kumar Biswas 2015 652.35 245.56 66 634.87 346.79 40 2.5% 0.06 [-0.33, 0.45] T
Xu-Dong Su 2011 573.6 172.5 50 603.4 120.8 50 2.5%  -0.20[-0.59, 0.19] -T
Xystus H L Tam 2011 567.43 288.51 53  654.05 408.29 52 2.5%  -0.24[-0.63, 0.14] ]
Subtotal (95% CI) 2234 2367 40.3% 0.01 [-0.61, 0.64] <@
Heterogeneity: Tau? = 1.57; Chi? = 1070.51, df = 15 (P < 0.00001); I*> = 99%
Test for overall effect: Z = 0.04 (P = 0.97)
3.1.2 T2DM with complications
Francesco Piarulli 2022 950 500 33 310 70 27 2.5% 1.69[1.09, 2.28]
Jie Li 2020* 590 210 28 310 110 50 2.5% 1.81[1.26, 2.36] =
K. C. B. Tan 2006* 1,045.96 407.1 108 1,026 463.2 150 2.6% 0.05 [-0.20, 0.29] T
K. C. B. Tan 2006t 1,247.07 631.18 100 1,026 463.2 150 2.6% 0.41[0.16, 0.67] -
Krishna A. Adeshara 2022* 1,396 723.1 33 587 237.8 103 2.5% 1.96 [1.51, 2.42] -
Krishna A. Adeshara 2022§ 1,134 595.2 50 587 237.8 103 2.5% 1.39[1.02, 1.76] -
Krishna A. Adeshara 2022t 2,062 652.1 80 587 237.8 103 2.5% 3.15 [2.71, 3.59] -
Krishna A, Adeshara 2022# 1,053 385.4 37 587 237.8 103 2.5% 1.63 [1.21, 2.06] -
Mohsen Kerkeni 2012 200.63 48.83 100 148.72 32.73 30 2.5% 1.13 [0.70, 1.56] -
Mohsen Kerkeni 2012* 206.45 53.18 100 148.72 32.73 30 2.5% 1.16 [0.73, 1.60] -
Ning Dong 2015* 335.5 180.68 151 137.87 66.44 108 2.6% 1.36 [1.09, 1.64] .
Shazia Qayyum 2021* 600.12 38.54 150 164.05 70.53 150 2.4% 7.65 [7.00, 8.31] 4
Sinan Subhi Farhan 2019* 868.7 50.8 25 1,718.3 455.7 20 2.4% -2.73[-3.57,-1.90] I
Subtotal (95% CI) 995 1127 32.6% 1.59 [0.77, 2.41] <
Heterogeneity: Tau? = 2.21; Chi? = 677.50, df = 12 (P < 0.00001); I*> = 98%
Test for overall effect: Z = 3.80 (P = 0.0001)
3.1.3 T2DM
Ivan Raska Jr 2017 1,399 624 112 1,523.2 613 171 2.6%  -0.20[-0.44, 0.04] -
J SkrhaJr 2011* 995 519 66 824 309 43 2.5% 0.38 [-0.01, 0.77] "'—
Jacopo Sabbatinelli 2022 688.49 346.17 362 434.01 240.68 125 2.6% 0.79 [0.58, 1.00] -
K Nakamura 2007 515.5 166 86 391.3 146 86 2.6% 0.79[0.48, 1.10] -
Kazuo Nakamura 2006 965.3 544.2 75 415.7 150.4 75 2.5% 1.37[1.01, 1.73] -
Magdalena Kopytek 2020 2,040.75 836.58 50 823.8 244.09 76 2.5% 2.16 [1.72, 2.61] .
Mattabhorn Phimphilai 2017 541.7 2323 27 488.1 241 15 2.5% 0.22 [-0.41, 0.86] -T—
Mattabhorn Phimphilai 2021 527.1 249.7 40 599.4 422.1 30 2.5%  -0.21[-0.69, 0.26] -
Sandeep Singhal 2016 460.23 81.23 20 732.88 68.97 15 2.2% -3.49 [-4.59, -2.40] —_—
Tarek Mk Motawi 2013 630.47 48.14 28 804.92 58.14 20 2.3% -3.27 [-4.16, -2.38] —
Tarek Mk Motawi 2013* 600.06 37.75 42 804.92 58.14 20 2.3% -4.47 [-5.45, -3.50] —_—
Subtotal (95% CI) 908 676 27.1% -0.42[-1.12,0.29] &
Heterogeneity: Tau? = 1.32; Chi? = 347.79, df = 10 (P < 0.00001); I*> = 97%
Test for overall effect: Z = 1.16 (P = 0.25)
Total (95% CI) 4137 4170 100.0% 0.40 [-0.02, 0.83] &
Heterogeneity: Tau? = 1.82; Chi? = 2622.04, df = 39 (P < 0.00001); I*> = 99% y ’

Test for overall effect: Z = 1.85 (P = 0.06)
Test for subgroup differences: Chi? = 14.29, df = 2 (P = 0.0008), I> = 86.0%

Fig. 3 sRAGE in subjects with type 2 diabetes stratified by complications (type 2 diabetes with complications and type 2 diabetes without complications)

[ SMDs were pooled using random-effects meta-analysis]

regulated by multiple factors, including genes and the
internal environment.

Firstly, the greatest genetic risk for type 1 diabetes is
conferred by two chromosomal loci, HLA class II and
variable tandem repeats in the insulin gene region [43].
sRAGE concentrations decrease in carriers of the HLA
DR3/DR4 and the DR3 allele, while the HLA-DR4/
non-DR3 genotype is associated with increased sRAGE
concentrations [44]. The AGE-specific receptor gene
(AGER), encoding RAGE, is located on the short arm of
chromosome 6 within the HLA class III region, near the

junction with class II loci [45]. Three single nucleotide
polymorphisms (SNPs) of the AGER gene (rs2070600,
rs9469089, and rs17493811) are associated with an
increased risk of type 1 diabetes, of which rs2070600 is
associated with decreased sSRAGE concentrations, while
rs9469089 is linked to increased concentrations [44].
Obviously, the AGER and/or HLA class II genotype can
regulate SRAGE concentrations in patients with type
1 diabetes. Secondly, SRAGE consists of esRAGE and
cRAGE, with cRAGE accounting for over 75%, which is
proteolytically cleaved from fl-RAGE via MMPs. AGEs
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DM Groups Control Groups Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
3.2.1 T2DM with nephropathy
K. C. B. Tan 2006* 1,045.96 407.1 108 1,026 463.2 150 7.8% 0.05 [-0.20, 0.29] T
K. C. B. Tan 2006+ 1,247.07 631.18 100 1,026 463.2 150 7.8% 0.41 [0.16, 0.67] -
Krishna A. Adeshara 2022+ 2,062 652.1 80 587 237.8 103 7.7% 3.15 [2.71, 3.59] -
Mohsen Kerkeni 2012 200.63 48.83 100 148.72 32.73 30 7.7% 1.13 [0.70, 1.56] -
Sinan Subhi Farhan 2019* 868.7 50.8 25 1,718.3 455.7 20 7.3% -2.73 [-3.57,-1.90] —_—
Subtotal (95% ClI) 413 453 38.5% 0.44 [-0.76, 1.64] -
Heterogeneity: Tau? = 1.81; Chi? = 218.86, df = 4 (P < 0.00001); I> = 98%
Test for overall effect: Z = 0.72 (P = 0.47)
3.2.2 T2DM with retinopathy
Krishna A. Adeshara 2022* 1,396 723.1 33 587 237.8 103 7.7% 1.96 [1.51, 2.42] i
Mohsen Kerkeni 2012* 206.45 53.18 100 148.72 32.73 30 7.7% 1.16 [0.73, 1.60] -
Ning Dong 2015* 335.5 180.68 151 137.87 66.44 108 7.8% 1.36 [1.09, 1.64] -
Shazia Qayyum 2021* 600.12 38.54 150 164.05 70.53 150 7.5% 7.65 [7.00, 8.31] -
Subtotal (95% ClI) 434 391 30.8% 3.02 [0.83, 5.21] —~etl—
Heterogeneity: Tau? = 4.95; Chi? = 319.85, df = 3 (P < 0.00001); I> = 99%
Test for overall effect: Z = 2.70 (P = 0.007)
3.2.3 T2DM with CVD
Francesco Piarulli 2022 950 500 33 310 70 27 7.6% 1.69 [1.09, 2.28] .
Jie Li 2020* 590 210 28 310 110 50 7.6% 1.81[1.26, 2.36] -
Krishna A. Adeshara 2022§ 1,134 595.2 50 587 237.8 103 7.8% 1.39[1.02, 1.76] 3
Subtotal (95% CI) 111 180 23.0% 1.56 [1.28, 1.83] ¢
Heterogeneity: Tau? = 0.00; Chi®* = 1.77, df = 2 (P = 0.41); I> = 0%
Test for overall effect: Z = 11.16 (P < 0.00001)
3.2.4 T2DM with neuropathy
Krishna A. Adeshara 2022+% 1,053 385.4 37 587 237.8 103 7.7% 1.63 [1.21, 2.06] -
Subtotal (95% CI) 37 103 7.7% 1.63 [1.21, 2.06] 3
Heterogeneity: Not applicable
Test for overall effect: Z = 7.57 (P < 0.00001)
Total (95% CI) 995 1127 100.0% 1.59 [0.77, 2.41] <o
Heterogeneity: Tau? = 2.21; Chi® = 677.50, df = 12 (P < 0.00001); I> = 98% _54 _’2 3 é “‘

Test for overall effect: Z = 3.80 (P = 0.0001)
Test for subgroup differences: Chi? = 5.16, df = 3 (P = 0.16), I> = 41.9%

Fig. 4 sRAGE in type 2 diabetes with complications stratified by the type of complications (diabetic nephropathy, diabetic retinopathy, diabetic CVD, and
diabetic neuropathy) [SMDs were pooled using random-effects meta-analysis]

DM Groups Control Groups Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Random, 95% CI 1V, Random, 95% CI
Liangkai Chen 2024 898.88 410.13 1072 1,252.67 600.23 1072 25.4% -0.69[-0.78, -0.60] -
Liangkai Chen 2024* 968.48 454.95 127 1,117.68 546.95 381 23.3% -0.28[-0.49, -0.08] —
Minglian Huang 2015 590 160 30 748 180 30 14.7% -0.92 [-1.45,-0.38] L —
Subrata Kumar Biswas 2015  652.35 245.56 66 634.87 346.79 40 18.3% 0.06 [-0.33, 0.45] I
Xu-Dong Su 2011 573.6 172.5 50 603.4 120.8 50 18.3%  -0.20[-0.59, 0.19] —
Total (95% CI) 1345 1573 100.0% -0.40 [-0.71, -0.09] e
Heterogeneity: Tau? = 0.10; Chi? = 29.51, df = 4 (P < 0.00001); I* = 86% 5_2 _31 ) i 25

Test for overall effect: Z = 2.52 (P = 0.01)

Fig. 5 sRAGE in subjects with newly diagnosed type 2 diabetes [SMDs were pooled using random-effects meta-analysis]

increase in diabetes patients, which can upregulate the
expression of fl-RAGE and MMPs. Additionally, hyper-
glycemia-induced ROS is known to enhance the expres-
sion and activity of MMPs. These factors can lead to an
increase in SRAGE levels [1]. Finally, in addition to AGEs,
the binding of other ligands(such as S100A12)to RAGE
can also affect changes in SRAGE levels [11].

Our meta-analysis revealed that SRAGE levels in sub-
jects with type 1 diabetes increased, particularly in adult
subjects, with no similar trend observed in underage
subgroups. These factors may have contributed to the
observed differences. First, HLA DR3/DR4 heterozygotes
and DR3 allele are susceptible genotypes for type 1 dia-
betes, with the former carrying the highest genetic risk
and both being associated with decreased sRAGE levels.

High-risk gene carriers may develop type 1 diabetes with
decreased sRAGE levels at an earlier age; in other words,
the decreased sRAGE levels in type 1 diabetes may
reflect a more aggressive disease phenotype, especially in
younger patients [44]. Second, in individuals with chronic
stable conditions characterized by autoimmunity and
inflammation, compensatory mechanisms may be acti-
vated as the disease progresses, leading to elevated cir-
culating protective SRAGE. It is possible that the increase
in SRAGE observed in the adult group is a result of these
compensatory mechanisms. Finally, insulin therapy is the
primary treatment option for patients with type 1 diabe-
tes to regulate blood glucose levels. Insulin therapy not
only increases the expression of fl-RAGE and esRAGE
but also stimulates the detachment of sRAGE from
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membrane-bound receptors [46]. The authors speculated
that the adult patients have a longer course of disease and
longer duration of insulin use, which may contribute to
the increase in SRAGE levels.

SRAGE levels in type 2 diabetes with complications
were significantly higher, while no statistically significant
elevation was observed in subjects without complica-
tions. There are several possible explanations. First, simi-
lar to type 1 diabetes, the elevation of SRAGE levels may
be a compensatory response to hyperglycemia, inflam-
mation, and oxidative stress. As diabetes progresses,
AGEs persistently accumulate, exacerbating hyperglyce-
mia-induced inflammation and target organ damage and
increasing the expression of RAGE in different cell types
[9]. AGEs, inflammation and ROS promote the upregula-
tion of factors (such as MMP9) that lead to the shedding
of RAGE extracellular domains, resulting in an increase
in SRAGE levels [47]. Second, the increase in SRAGE lev-
els may also be related to the concomitant medications
used by patients. Clinical research has confirmed that
sRAGE increases significantly after 12 weeks of treat-
ment with oral hypoglycemic drugs or insulin in newly
diagnosed type 2 diabetes subjects [9]. Not only insulin,
but also medications such as thiazolidinediones [48],
statins [49], and ACEI [50] have been shown to stimu-
late the production of sSRAGE. Interestingly, we did not
observe a significant result in subjects without complica-
tions. The damage of target organs may be an important
factor affecting the SRAGE levels in patients with type 2
diabetes. Nevertheless, the specific mechanisms require
further experimental clarification.

Unlike patients with complications of type 2 diabetes,
newly diagnosed type 2 diabetes patients have reduced
SRAGE levels compared to healthy individuals. How-
ever, the underlying mechanism remains unclear. It is
speculated that this decrease may be attributed to the
increased production of AGEs under hyperglycemic con-
ditions, where sRAGE competes with RAGE for binding
to AGEs. Consequently, levels of free sSRAGE are reduced,
and the clearance rate of the AGE ligand/sRAGE complex
increases, leading to a reduction in SRAGE [51]. Mean-
while, SI00A12, another ligand of RAGE, is negatively
correlated with sRAGE levels. Insulin resistance may
upregulate SI00A12 release in diabetes patients, which in
turn decreases SRAGE levels [11].

Obviously, our research has clarified the sSRAGE levels
of diabetes patients in different types and stages, which
provides a reference for future researchers, but it also
has some limitations. First, in the included studies, both
subjects and healthy individuals showed significant vari-
ability in SRAGE levels. At present, there is no standard
value for sSRAGE level that can be used as a reference. It
may be a source of heterogeneity in various analyses. So,
a standardized detection method for sRAGE is urgently
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needed to be designed and standardized. Second, our
analysis included some cross-sectional studies, and each
experiment may introduce some degree of experimental
bias, which could be a source of moderate to high hetero-
geneity in some outcomes. Third, some studies had rela-
tively small sample sizes, which could have affected the
accuracy of our results. Finally, some sSRAGE data could
not be directly extracted; although we calculated the data
based on the references, bias might not be completely
avoided.

Conclusion

In conclusion, our results indicate that the changes in
SRAGE levels in patients with diabetes were not uniform.
sRAGE was found to be higher in type 1 diabetes patients
and type 2 diabetes patients with complications; no sig-
nificant change was observed in type 2 diabetes patients
without complications. Additionally, sSRAGE decreased
in patients with newly diagnosed type 2 diabetes. Fur-
ther research is necessary to understand the underlying
mechanisms of these changes in SRAGE levels in patients
with diabetes.
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