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ABSTRACT

Introduction: Latent autoimmune diabetes in
adults (LADA) is a highly heterogeneous
autoimmune condition with clinical and
genetic characteristics that fall between those of
type 1 diabetes mellitus and type 2 diabetes
mellitus; therefore, there are no uniform criteria
for the selection of therapeutic agents. We
conducted a network meta-analysis to evaluate
the efficacy of various therapeutic agents for
LADA by comparing their effects on various
indicators used to reflect LADA.
Methods: We searched the PubMed, Cochrane
Library, Embase and Web of Science databases
from their inception to March 2023 and col-
lected data from 14 randomized controlled tri-
als on glucose-lowering drugs for LADA,
including 23 studies and 15 treatment

regimens. The effectiveness of drugs was ranked
and evaluated by combining surface under the
cumulative ranking (SUCRA) plots and forest
plots. Factors that may influence study hetero-
geneity were also searched and analyzed by
combining subgroup analysis, publication bias,
funnel plots and sensitivity analysis.
Results: The results of the network meta-anal-
ysis showed that insulin had the most signifi-
cant effect on the control of change from
baseline in glycosylated hemoglobin, type A1
(DHbA1c). Insulin combined with dipeptidyl
peptidase-4 (DPP-4) inhibitors performed the
best in reducing fasting blood glucose and body
mass index. Treatment regimens involving thi-
azolidinediones were the most advantageous in
HbA1c, fasting C-peptide and postprandial
C-peptide control. Longer dosing may be more
beneficial in maintaining islet b-cell function in
the LADA population.
Conclusion: LADA is an immune condition
with high heterogeneity, and treatment should
be administered according to the C-peptide
level of the LADA population. For this popula-
tion with LADA with a certain level of b-cell
function, combinations of insulin with DPP-4
inhibitors or thiazolidinediones probably can be
more effective treatment options to maintain
islet function and normal blood glucose.
Trial Registration: PROSPERO CRD420234107-
95.
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Key Summary Points

Why carry out this study?

Although latent autoimmune diabetes in
adults (LADA) has received increasing
attention as an autoimmune condition
affecting the widest population, there is a
lack of real and strong evidence on the
effectiveness of treatment options for
LADA.

This study is based on the hypothesis that
no uniform drug administration strategy
has been formed for the treatment of
LADA. Meta-analysis studies on residual b-
cell function, an indicator to assess the
effectiveness of LADA treatment regimens,
have not been reported in the literature.

What was learned from this study?

In the LADA population who have reached
a certain level of b-cell function,
combinations of insulin with dipeptidyl
peptidase-4 inhibitors or
thiazolidinediones probably can be more
effective treatment options than insulin
alone to maintain islet function and
control blood glucose.

Selection of treatment regimens based on
C-peptide level may be beneficial to the
LADA population.

INTRODUCTION

Latent autoimmune diabetes in adults (LADA) is
recognized as a part of the autoimmune dia-
betes spectrum and a specific form that can be
characterized by a positive islet-autoantibody
status and an initially insulin-independent
group of subjects. Since a significant proportion
of patients with LADA exhibit clinical

manifestations closer to those of type 2 diabetes
mellitus (T2DM), it is not uncommon for
unregulated clinical practices to directly repli-
cate T2DM treatment regimens on the LADA
population [1–3].

In 1999, the World Health Organization
(WHO) recommended that LADA be classified
as a subtype of type 1 diabetes mellitus (T1DM)
with a slow onset, and interventions for LADA
have been controversial for several years [4].
However, LADA is a global disease with a
detection rate of 10% of patients with con-
firmed T2DM [5–7]. How to select more effec-
tive therapeutic measures to preserve the
function of residual islet b-cells and delay the
development of complications is essential to
improve the quality of life in the LADA popu-
lation. Moreover, clarification of the treatment
of LADA is also important for deepening the
understanding of diabetes and constructing a
more recognizable diabetes diagnosis and stag-
ing strategy.

LADA has a more insidious onset than T1DM
[8], and its clinical features are quite similar to
those of T2DM. This specificity of LADA high-
lights an obvious shortcoming of the current
classification of diabetes, and the latest view is
that severe autoimmune diabetes (SAID) is a
more accurate name for the phenotype with
islet-specific autoantibodies in adult-onset dia-
betes [2]. Because no systematic treatment
guidelines have been issued for LADA, there are
a variety of clinical medication measures, and
no uniform drug administration strategy has
been formed. Many people with LADA are still
using nonautoimmune diabetes regimens, such
as sulfonylureas, which accelerate the process of
b-cell apoptosis and insulin dependence [9].

In addition to the current use of insulin at an
early stage to protect the function of pancreatic
b-cells, dipeptidyl peptidase-4 (DPP-4) inhibi-
tors have been favored in the treatment of
LADA in recent years due to their ability to
enhance the biological effect of endogenous
glucagon-like peptide-1 (GLP-1) and control
blood glucose levels [10, 11]. Therapy involving
GLP-1 receptor agonists (GLP-1RA) has been
shown in a recent study to be more effective in
lowering blood glucose in LADA than in T2DM
[12]. A recent study has also shown that
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semaglutide preserves b-cell function well in the
T2DM population [13, 14]. Nevertheless, clini-
cal trials have shown that GLP-1RA therapy
confers no benefit to participants with T2DM
when C-peptide levels are very low or autoan-
tibody titers are very high [15]. Therefore, there
is no consensus on whether GLP-1RA therapy
has a substantial effect on the course of islet
impairment in the LADA population. While
thiazolidinediones are able to reduce insulin
dosage, delay b-cell damage and reduce the
possibility of heart failure in the LADA popula-
tion in recent clinical studies [16], their thera-
peutic potential for LADA needs to be further
explored. Immunosuppressive therapies have
been a hot topic of interest in the management
of LADA. Phase II clinical studies of alum-for-
mulated human recombinant glutamic acid
decarboxylase 65-kDa isoform (GAD65) have
shown that this molecule improves fasting
C-peptide in the LADA population [17] and
reduces the risk of insulin use; 1-a-hydroxyvi-
tamin D3 (vitamin D3 [VD]) combined with
insulin delays the course of LADA [18]. A series
of clinical trials on LADA treatment options are
in urgent need of statistical studies for analysis
and evaluation.

Although LADA has received increasing
attention as an autoimmune condition affect-
ing a wide population, the academic under-
standing of LADA is still in the developmental
stage, so the number of relevant high-quality
randomized controlled trials (RCTs) is relatively
small compared with typical RCTs on TIDM and
T2DM. The existing analyses are mainly tradi-
tional meta-analyses [19] that focused on the
clinical characteristics and diagnosis of LADA.
Meta-analysis studies on residual b-cell func-
tion, an indicator used to assess the effective-
ness of LADA treatment regimens, have not
been reported in the literature. Therefore, we
chose network meta-analysis to conduct a sta-
tistical study on the effectiveness of clinical
interventions for LADA, with the overall aim to
contribute to the current gap in research related
to LADA treatment protocols and provide ideas
for the best treatment options for LADA.

METHODS

Literature Search

From inception to March 2023, searches of the
PubMed, Cochrane Library, Embase and Web of
Science databases were conducted by computer-
based retrieval integrated with manual retrieval
of related references. The systematic search we
designed was a combination of keywords, and
the free words strategy was formed by the fol-
lowing search terms: latent autoimmune dia-
betes in adults, slowly progressive type 1
insulin-dependent diabetes mellitus (SPIDDM),
randomized controlled trial, clinical trial,
treatment, among others. Search strategies car-
ried out in the databases are listed in Table 1.

Inclusion and Exclusion Criteria

The inclusion criteria of the experimental
studies were: (1) RCTs in any stage; (2) age of
participant C 18 years; (3) positivity of partici-
pant for glutamic acid decarboxylase antibody
(GADAb), protein tyrosine phosphatase anti-
body (IA-2A) or islet cell antibody (ICA); (4)
participants having no history of ketosis within
the first 6 months after diagnosis; and (5) study
efficacy outcomes available for glycosylated
hemoglobin, type A1c (HbA1c), fasting blood
glucose (FBG), fasting C-peptide (FCP), post-
prandial C-peptide (PCP), change from baseline
in HbA1c (DHbA1c), and body mass index
(BMI).

The criteria for excluded studies were: (1)
non-RCTs, case reports, studies with insufficient
data, conference reports, duplicated publica-
tions, summaries or systematic reviews; (2)
women who were pregnant, lactating or plan-
ning on becoming pregnant; (3) participants
with liver or kidney disorders or impaired hep-
atic/renal function; (4) participants with any
severe systemic disease, such as cancer, stroke or
heart failure, or having undergone recent sur-
gery; (5) participants suffering from serious
cardiovascular diseases or cerebrovascular con-
ditions or having a history of ketoacidosis or
having unstable or rapidly progressive diabetes
nephropathy or neuropathy.
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Table 1 Search strategies for databases

Databases Strategy
number

Search strategy

PubMed (((Diabetes Mellitus Type 1.5[Title/Abstract]) OR (Type 1.5 Diabetes Mellitus[Title/

Abstract]) OR (Type 1.5 Diabetes[Title/Abstract]) OR (Diabetes, Type 1.5[Title/

Abstract]) OR (LADA[Title/Abstract]) OR (Latent Autoimmune Diabetes of

Adults[Title/Abstract]) OR (Slowly progressive type 1 insulin-dependent diabetes

mellitus[Title/Abstract]) OR (SAID[Title/Abstract]) OR (Slowly evolving autoimmune

diabetes[Title/Abstract])) AND ((Therapeutic) OR (Therapy) OR (Therapies) OR

(Treatment) OR (Treatments) OR (Strategy))) AND (((randomized controlled trial[pt]

OR controlled clinical trial[pt] OR randomized[tiab] OR randomised[tiab] OR

placebo[tiab] OR drug therapy[sh] OR randomly[tiab] OR trial[tiab] OR groups[tiab])

NOT (animals[mh] NOT humans[mh])))

Cochrane

Library

((Diabetes Mellitus Type 1.5):ti,ab,kw OR (Type 1.5 Diabetes Mellitus):ti,ab,kw OR (Type

1.5 Diabetes):ti,ab,kw OR (Diabetes, Type 1.5):ti,ab,kw OR (LADA):ti,ab,kw OR (Latent

Autoimmune Diabetes of Adults):ti,ab,kw OR (Slowly progressive type 1 insulin-

dependent diabetes mellitus):ti,ab,kw OR (SAID):ti,ab,kw OR (Slowly evolving

autoimmune diabetes):ti,ab,kw) AND ((Therapeutic):ti,ab,kw OR (Therapy):ti,ab,kw OR

(Therapies):ti,ab,kw OR (Treatment):ti,ab,kw OR (Treatments):ti,ab,kw OR

(Strategy):ti,ab,kw) AND ((randomized controlled trial):ti,ab,kw OR (controlled clinical

trial):ti,ab,kw OR (randomized):ti,ab,kw OR (randomised):ti,ab,kw OR (placebo):ti,ab,kw

OR (drug therapy):ti,ab,kw OR (Slowly evolving autoimmune diabetes):ti,ab,kw OR

(randomly):ti,ab,kw OR (trial):ti,ab,kw OR (groups):ti,ab,kw) NOT (animals):ti,ab,kw

EMBASE #1 ’Diabetes mellitus type 1.5’:ti,ab OR ’type 1.5 diabetes mellitus’:ti,ab OR ’type 1.5

diabetes’:ti,ab OR ’diabetes, type 1.5’:ti,ab OR ’lada’:ti,ab OR ’latent autoimmune diabetes

of adults’:ti,ab OR ’slowly progressive type 1 insulin-dependent diabetes mellitus’:ti,ab OR

’said’:ti,ab OR ’slowly evolving autoimmune diabetes’:ti,ab

#2 ’Randomized controlled trial’/exp OR ’controlled clinical trial’/exp OR randomized:ti,ab

OR placebo:ti,ab OR ’drug therapy’:lnk OR randomly:ti,ab OR trial:ti,ab OR groups:ti,ab

#3 #1 AND #2 AND #3

Web of

Science

((TS = (‘‘Diabetes Mellitus Type 1.5’’ OR ‘‘Type 1.5 Diabetes Mellitus’’ OR ‘‘Type 1.5

Diabetes’’ OR ‘‘Diabetes, Type 1.5’’ OR ‘‘Latent Autoimmune Diabetes of Adults’’ OR

‘‘Slowly progressive type 1 insulin-dependent diabetes mellitus’’ OR ‘‘LADA’’ OR ‘‘SAID’’

OR ‘‘Slowly evolving autoimmune diabetes’’)) AND TS = (‘‘Therapeutic’’ OR ‘‘Therapy’’

OR ‘‘Therapies’’ OR ‘‘Treatment’’ OR ‘‘Treatments’’ OR ‘‘Strategy’’)) AND

TS = (‘‘randomized controlled trial’’ OR ‘‘controlled clinical trial’’ OR ‘‘randomized’’ OR

‘‘randomised’’ OR ‘‘placebo’’ OR ‘‘drug therapy’’ OR ‘‘randomly’’ OR ‘‘trial’’ OR ‘‘groups’’

NOT ‘‘animals’’)
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Data Extraction and Quality Assessment

Data extracted from the included studies were:

1. Overview of the study, including clinical
trial title, sponsors, clinical trial registration
number, time of publication, journal and
research location;

2. Patient information and intervention,
including sample size, sex, age, duration of
disease, administration routes, specific med-
ication, mean, standard deviation, dosage
and length of follow-up;

3. Outcomes, including effect, estimate,
mean, mean difference (MD), confidence
interval (CI).

Two researchers (Wanqing Wang and Fei
Huang) evaluated the methodological quality of
the included RCTs using Cochrane Collabora-
tion’s tool for assessing risk of bias. This tool
covers six domains, including selection bias,
performance bias, detection bias, attrition bias,
reporting bias and other bias. Each domain was
judged as ‘‘yes,’’ ‘‘unclear’’ or ‘‘no’’ to rate a grade
as low (with no domain deemed ‘‘unclear’’ or
‘‘no’’), moderate (with 1 domain deemed ‘‘un-
clear’’ or ‘‘no’’) or high (with[ 1 one weak rat-
ing) [20]. Quality assessment and investigation
of publication bias were conducted by Review
Manager 5 (RevMan 5.4; Cochrane Collabora-
tion, Oxford, UK).

Both data extraction and quality assessment
were independently performed by the same two
reviewers who evaluated the methodological
quality of the included RCTs. In case of dis-
agreement, an independent third researcher
(Chunchao Han) resolved inconsistencies
through discussion.

Statistical Analysis

First, the heterogeneity test we selected was the
effect model based on the I-square (I2) test and
P-value. The heterogeneity test was based on the
Knapp-Hartung modification. If I2\50% and
the P-value[0.05, there was no statistical
heterogeneity in each study, and we used a
fixed-effects model for the meta-analysis. How-
ever, an I2[ 50% and P-value\ 0.05 indicated

heterogeneity among the studies [21]. Subgroup
analysis and sensitivity analysis were applied to
further explain the appearance of heterogeneity
[22]. The subgroup analysis was performed on
the following: baseline C-peptide, the course of
study, medicine type and treatment with or
without insulin.

For the subgroup analysis on baseline
C-peptide, we followed the international expert
consensus recommendation of measuring
C-peptide levels to determine treatment options
and divided the data included in the study into
three classifications according to low, medium
and high levels of baseline C-peptide, respec-
tively; these three groups corresponded to
C-peptide levels\0.3 nmol/L, C-peptide
levels C 0.3 and B 0.7 nmol/L and C-peptide
levels[ 0.7 nmol/L, respectively [10]. We also
categorized the results of this index into low,
medium, and high levels again by calculating
the tertiles of the baseline C-peptide index
included in the literature for the evaluation of
the subgroup analysis [23]. The two different
classifications of baseline C-peptide are indi-
cated in the Results section. The sensitivity
analysis tested the stability of our analysis
results or explained the reason why the litera-
ture became the cause of the heterogeneity. A
network funnel plot was used to visually scru-
tinize the criterion of symmetry [24].

Second, STATA version 16.0 software (Stata-
Corp LLC, College Station, TX, USA) was used to
conduct the meta-analysis and produce network
graphs. For the meta-analysis, continuous vari-
ables were expressed as MD, and the 95% CI was
calculated for each effect indicator; I2 indicated
the degree of heterogeneity among multiple
studies. In the network graph, every interven-
tion was represented as a node, and the sample
sizes were indicated by node sizes. The thickness
of the lines between the nodes reflected the
number of included studies. After that, we
conducted the node-splitting method to esti-
mate the extent of inconsistency [25]. The fixed
effects model (FEM) was applied if P[ 0.05,
while the random-effects model (REM) was put
in place when P\0.05.

Third, the surface under the cumulative
ranking (SUCRA) was estimated for each man-
agement strategy [26]. Forest plots can visually
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imply the effectiveness of therapies [27]. The
control group of studies performed by three-
arm trials was divided by two (the odd number
was divided by 2 after adding 1) before com-
parison with the other groups through forest
plots, subgroup analysis and sensitivity analysis.
All analyses were conducted in Stata version
16.0 software (StataCorp LLC).

Compliance with Ethics Guidelines

Ethics committee approval was not required for
this network meta-analysis as it entailed the
analysis of existing data extracted from previ-
ously published literature. A network meta-
analysis does not entail direct contact with
human participants or collection of new data.
Instead, it involves a systematic statistical
analysis of data that have already been collected
and reported in previously published literature.
Therefore, ethics committee permission was
deemed unnecessary for this study. This study
was performed in accordance with the Helsinki
Declaration of 1964 and its later amendments.

RESULTS

Baseline Characteristics of Included
Studies

Electronic searches and manual searches
undertaken in March 2023 initially identified
26,305 publications from the PubMed
(n = 4587), Cochrane Library (n = 3794),
Embase (n = 5251) and Web of Science
(n = 12,673) databases. Of these 26,305 publi-
cations, 5846 were letters or reviews, 3191 were
studies involving non-human animals, 13,217
were duplicates, 1336 were case reports and
2018 were marked as ineligible by the automa-
tion tools; these records were removed before
screening. Subsequent assessment for eligibility
eliminated were 22 non-RCT studies, 39 records
unrelated to LADA, 214 records unrelated to the
treatment of LADA, five records on different
durations of the same study and nine records
without data that could be compared with
others. Ultimately, 14 articles covering

approximately 23 eligible RCTs published from
1996 to 2021 were selected for inclusion in the
network meta-analysis [12, 16–18, 28–37]. The
flowchart of selection of studies is shown in
Fig. 1.

One of articles included in our network
meta-analysis is the study of Pozzilli et al. [12].
This was a subgroup analysis of three large
multicenter randomized trials, but the subgroup
data on LADA were not investigated in those
three trials, so the results of this study were
included in our analysis.

The study by Johansen et al. [34] was a pre-
specified exploratory analysis of a large trial, but
because it was a double-blind randomized con-
trolled study, it was also included in this meta-
analysis.

The 14 articles covered a total of 15 man-
agement strategies: subcutaneous injections of
GAD-alum; sitagliptin; pioglitazone; sax-
agliptin; insulin in combination with gliben-
clamide (insulin ? glibenclamide); insulin;
sulfonylureas; linagliptin; glimepiride; gliben-
clamide; insulin ? vitamin D3; dulaglutide;
insulin ? sitagliptin; rosiglitazone; and insulin
? sitagliptin (Fig. 2a, b). Five RCTs involved
multiple ethnic groups (mainly Caucasians),
two RCTs were conducted only in Caucasians
and seven RCTs were conducted only in Asians.
The papers selected for this network meta-
analysis included 11 studies that were per-
formed as two-arm trials, one as a three-arm
trial, one as a four-arm trials and one as a five-
arm trial. The basic characteristics and out-
comes of each study are summarized in Table 2.

Quality Assessment

The Cochrane risk of bias assessment is pre-
sented in Fig. 3a, b. Eight trials were estimated
to have a moderate risk of selection bias (allo-
cation concealment), performance bias and
detection bias. Two trials were regarded as
having a moderate risk of both selection bias
(allocation concealment) and detection bias.
Two studies presented moderate risk in the
detection bias only. In terms of the risks of
selection bias (random sequence generation),
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attrition bias, reporting bias and other bias, all
articles were appraised as low risk.

SUCRA Curves of Efficacy of 15 LADA
Treatments

The cluster ranking analysis of SUCRA values
showed that rosiglitazone and sitagliptin
ranked first and second, respectively, in

reducing HbA1c (Fig. 4a). The thiazolidine-
diones included in the study, whether as
monotherapy or in combination therapy,
ranked the highest in reducing HbA1c, such as
rosiglitazone, insulin in combination with
rosiglitazone and pioglitazone (Fig. 4a). Sul-
fonylureas ranked at the bottom (Fig. 4a). In
terms of maintaining FCP levels, rosiglitazone
ranked at the top, and the combination insulin

Fig. 1 Flow diagram of the selection process. LADA Latent autoimmune diabetes in adults; RCT randomized controlled
trial
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? sulfonylureas or insulin alone ranked the
worst (Fig. 4b). According to the DHbA1c,
insulin achieved the greatest reduction of
HbA1c, followed by dulaglutide, while the
treatment regimen that included subcutaneous
injections of GAD-alum was the worst in terms
of lack of a significant reduction of HbA1c, with
the exception of the blank control group with
placebo (Fig. 4c). For maintaining PCP levels,
rosiglitazone was the most effective, and insulin
in combination with vitamin D3 was the least
effective (Fig. 4d). Insulin in combination with
sitagliptin and sitagliptin monotherapy ranked
in the top two for reducing FBG, while the worst
ranking in this regard was insulin in combina-
tion with sulfonylureas, and the second to last
was sulfonylureas alone (Fig. 4e). The most
effective regimen for BMI control was insulin
and sitagliptin, and the least effective option
was rosiglitazone or sulfonylureas (Fig. 4f).

Heterogeneity, Inconsistency and Their
Causes Among the 15 Treatments of LADA
Included in the Studies

Glycosylated hemoglobin, type A1c
Seven studies reported the effects of different
treatment regimens on HbA1c. Funnel plots

suggested no significant publication bias, but
heterogeneity was high (Fig. 5a), possibly rela-
ted to the small number of included studies.
Datasets for C 8 treatment regimens in the form
of funnel plots for HbA1c, FCP, PCP and BMI are
shown in Fig. 5a–d, respectively. Egger’s test was
used to assess publication bias with respect to
HbA1c, and the results showed no publication
bias. The inconsistency model test did not find
inconsistency. The results of the node-splitting
method to assess local inconsistency showed a
great inconsistency between ‘‘insulin’’ and ‘‘in-
sulin & rosiglitazone,’’ and the inconsistency
also existed in the pair of nodes ‘‘sulfonylurea’’
and ‘‘rosiglitazone.’’ Because both two-arm and
multiarm studies were present in the HbA1c
group, the inconsistency test results were
affected accordingly. Therefore, we paid more
attention to the heterogeneity test results in the
analysis of the HbA1c group data. The pooled
analysis resulted in no significant difference
between the application of different treatment
regimens in terms of HbA1c, but there was sig-
nificant heterogeneity (I2 = 82.9%) (Fig. 6a).
The forest plot showed that only the effect
values of Davis et al. [32] and Kobayashi et al.
[35] fall to the right of the null line; in other
words, the control group in these studies was

Fig. 2 Network evidence for HbA1c and FCP of patients
with LADA treated by different regimens. A HbA1c,
B FCP. The size of each node is proportional to the
number of participants assigned to the treatment. The
thickness of the line is proportional to the number of trials

between the corresponding drugs. HbA1c Glycosylated
hemoglobin, FCP fasting C-peptide type A1c, LADA
latent autoimmune diabetes in adults, VD 1-a-hydroxyvi-
tamin D3 [1-a(OH)D3]
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Table 2 Summary of characteristics and outcomes of the studies included in the meta-analysis

Included
trials
[reference
number]

Year Study
design

Sample size, n
(experimental
group/control
group)

Intervention
measures
(experimental group)

Intervention
measures:
control
group

Intervention
time
(months)

Clinical
outcomesa

Agardh

et al. [17]

2009 RCT 47 (34/13) Subcutaneous

injections of GAD-

alum (4 lg/20 lg/

100 lg/500 lg)

Placebo 60 months ´

Awata et al.

[29]

2017 RCT 7 (2/5) Pioglitazone Sitagliptin 48 months �Þ

Buzzetti

et al. [30]

2016 RCT 133 (98/35) Saxagliptin Placebo 6 months `´

Cabrera-

Rode

et al. [31]

2002 RCT 14 (6/8) Insulin &

Glibenclamide

Insulin 12 months `˜Þ

Davis et al.

[32]

2005 RCT 153 (88/65) Sulfonylureas Insulin 120 months �

Hals et al.

[33]

2019 RCT 64 (32/32) Sitagliptin Insulin 21 months �`˜

Johansen

et al. [34]

2014 Subgroup

analysis

of RCT

18 (9/9) Glimepiride Linagliptin 26 months ´

Kobayashi

et al. [35]

1996 RCT 10 (5/5) Glibenclamide Insulin 30 months �˜Þ

Li et al.

[18]

2009 RCT 35 (17/18) Insulin and 1-a-

hydroxyvitamin D3

Insulin 12 months `ˆ

Pozzilli

et al. [12]

2018 Subgroup

analysis

of RCT

135 (81/54) Dulaglutide Glargine/

Sitagliptin

12 months ´

Wang et al.

[28]

2019 RCT 40 (20/20) Insulin and sitagliptin Insulin 12 months �`ˆ˜Þ

Yang et al.

[16]

2009 RCT 52 (41/11) Sulfonylureas/

rosiglitazone/insulin

and rosiglitazone

Insulin 36 months �`ˆÞ

Yang et al.

[36]

2021 RCT 43 (20/23) Insulin and sitagliptin Insulin 24 months �`ˆÞ
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more efficacious than the experimental group
(Fig. 6a); in both studies, the experimental
groups were administered sulfonylureas.

Subgroup analysis suggested that partici-
pants with an intermediate FCP baseline grade
exhibited better results with other treatment
options than with insulin alone, with lower
heterogeneity (I2 = 44.8%) (Fig. 7A,a; see also
Electronic Supplementary Material [ESM] file).

Other treatment options in the intermediate
FCP baseline grade group included sitagliptin,
rosiglitazone, insulin ? rosiglitazone and sul-
fonylureas. Subgroup analysis of the treatment
group showed that the treatment regimens
involving thiazolidinediones were more effec-
tive and statistically significant than those with
insulin alone, with less heterogeneity
(I2 = 0.0%) (Fig. 7B,a; see also ESM file).

Table 2 continued

Included
trials
[reference
number]

Year Study
design

Sample size, n
(experimental
group/control
group)

Intervention
measures
(experimental group)

Intervention
measures:
control
group

Intervention
time
(months)

Clinical
outcomesa

Zhou et al.

[37]

2005 RCT 14 (7/7) Insulin and

rosiglitazone

Insulin 18 months �`ˆ

RCT Randomized controlled trials
a
� Glycosylated hemoglobin, type A1c (HbA1c), ` fasting C-peptide (FCP), ´ change from baseline in HbA1c
(DHbA1c), ˆ postprandial C-peptide (PCP), ˜ fasting blood glucose (FBG), Þ body mass index (BMI)

Fig. 3 Quality assessment. A, B Risk of bias graph (A) and of bias summary (B). Plus sign (?) denotes a low risk of bias,
question mark (?) denotes a moderate risk of bias, minus sign (-) denotes a high risk of bias
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However, since this result was obtained in three
datasets from two trials [16, 37], the small
sample size still has to be taken into account.

Sensitivity analysis of the publications
included in the HbA1c group showed more
stable overall results (Fig. 8a).

Fig. 4 SUCRA curves of HbA1c, FCP, DHbA1c, PCP,
FBG and BMI of patients with LADA treated by 15
different regimens. A HbA1c, B FCP, C DHbA1c,
D PCP, E FBG, F BMI. SUCRA surface under the
cumulative ranking, HbA1c glycosylated hemoglobin, type
A1c, FCP fasting C-peptide, DHbA1c change from

baseline in HbA1c, PCP postprandial C-peptide, FBG
fasting blood glucose, BMI body mass index, LADA latent
autoimmune diabetes in adults, VD 1-a-hydroxyvitamin
D3 (1-a(OH)D3), DPP-4 dipeptidyl peptidase-4
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Fasting C-Peptide

A total of seven studies reported on the effects
of different treatments in maintaining FCP
levels. Funnel plots indicated no significant
heterogeneity, publication bias or other bias
(Fig. 5b). The results of Egger’s test also con-
firmed the absence of publication bias.

The results of the inconsistency model test
and the estimation by the node-splitting
method both showed no inconsistency. The
results of the pooled analysis were that, overall,
the treatment regimens in the experimental
group were more effective than insulin alone in
maintaining FCP, with less heterogeneity
(I2 = 36.6%) (Fig. 6b). The treatment regimens

in the experimental group included insulin ?

glibenclamide, sitagliptin, insulin ? 1-a-hy-
droxyvitamin D3, insulin ? sitagliptin, sul-
fonylurea, rosiglitazone and insulin ?

rosiglitazone. Subgroup analysis using the FCP
baseline grade as a delineation criterion showed
that the experimental group’s dosing regimen
was more effective and less heterogeneous
(I2 = 0.0%) than insulin alone (Fig. 7A,b; see
also ESM file). The subgroup analysis also
reflected a homogeneous effect of b-cell func-
tion on the efficacy of certain drugs, an effect
that was more pronounced with sulfonylureas:
that is, participants with an intermediate grade
of FCP at baseline were treated with insulin
combined with sulfonylureas [31] (Fig. 7A,b; see

Fig. 5 Funnel plots for HbA1c, FCP, PCP and BMI of
patients with LADA treated by different regimens.
A HbA1c, B FCP, C PCP, D BMI. HbA1c Glycosylated
hemoglobin, type A1c, FCP fasting C-peptide, PCP
postprandial C-peptide, BMI body mass index, LADA

latent autoimmune diabetes in adults, VD 1-a-hydroxyvi-
tamin D3 (1-a(OH)D3), se(WMD) standard error of the
weighted mean difference
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also ESM file). The combination of the treat-
ments had effect values falling to the left of the
null line (Fig. 7A,b; see also ESM file), suggesting
a lower benefit than with insulin alone, while
the opposite was shown in participants with
high baseline levels of FCP [16]. If the results of
this index are stratified into three levels (low,
medium and high) according to the tertiles of
baseline C-peptide index reported in the inclu-
ded studies, the trend of better efficacy in par-
ticipants with better b-cell function would also
be traced for DPP-4 inhibitors [28, 33] (Fig. 7E;
see also ESM file). However, it is difficult to
observe a propensity effect on the efficacy of
thiazolidinediones, although given the limited
sample size, this conclusion needs to be con-
firmed by additional high-quality clinical stud-
ies (Fig. 7E; see also ESM file). The results of the
subgroup analysis, based on the classification of
the different classes of drugs showed that the
treatment regimens involving thiazolidine-
diones could be more effective than that with
insulin alone, but with greater heterogeneity
(I2 = 52.3%), which might be related to the
small number of included studies (Fig. 7B,b; see
also ESM file). This subgroup analysis did not
support a conclusion that there was a statisti-
cally significant difference between regimens
involving sulfonylureas or DPP-4 inhibitors and
insulin alone in terms of maintaining FCP
levels. The results of this analysis were probably
related to the fact that participants who
received different treatment regimens also had
differences in their FCP at baseline. The results
of the subgroup analysis conducted according
to whether insulin was applied showed that the
regimens in which other drugs were combined
with insulin were more effective than insulin
alone, and this result was less heterogeneous
(I2 = 0.0%) (Fig. 7C,b;; see also ESM file). In
contrast, there was no significant difference
between using other drugs alone and using
insulin alone in terms of maintaining the FCP
index (Fig. 7C,b; see also ESM file). The results
of the subgroup analysis carried out on the
duration of medication showed that the exper-
imental group had probably a more favorable
regimen than using insulin alone for main-
taining FCP levels when the medication was
administered for [ 1 year, with a small

heterogeneity value (I2 = 44.5%) (Fig. 7D,a; see
also ESM file). Sensitivity analysis evaluation of
the FCP group showed that the combined effect
size did not change significantly with individual
study exclusion, indicating that the data in this
group were relatively robust (Fig. 8b). However,
excluding any of the following datasets, which
included two sets of data from Yang et al. [16],
Li et al. [18], Yang et al. [36] or Zhou et al. [37],
respectively, the combined results of the
remaining studies were not statistically signifi-
cant and were not consistent with the original
combined results (MD = 0.072, 95%
CI = 0.002–0.143), reflecting the large disper-
sion of the data in this group, which impacts
the stability of the results (Fig. 8b).

4HbA1c
Three studies reported the effects of different
treatment regimens on DHbA1c, and funnel
plots demonstrated no significant heterogene-
ity, publication bias or other bias. The Egger test
results indicated no publication bias. The
inconsistency model test did not find any
inconsistency. Pooled analysis showed large
heterogeneity (I2 = 87.5%), and there was no
significant difference between the experimental
group’s dosing regimen and that of the control
group in terms of the DHbA1c (Fig. 6c). The
medication regimens in the experimental group
were glimepiride, dulaglutide, glargine and
placebo as a blank control, and those of the
control groups were DPP-4 inhibitors. Sensitiv-
ity tests showed a greater effect on the pooled
effect size in the study of Buzzetti et al. [30],
which is consistent with the study design of
these authors, which compared DPP-4 inhibi-
tors with placebo as a control study (Fig. 8c).

Postprandial C-Peptide

A total of five papers reported the effects of
different treatment regimens on the mainte-
nance of PCP. The overall sample size was small
for the funnel plot, but there was no significant
heterogeneity, publication bias or other bias
(Fig. 5c). The Egger test indicated the presence
of publication bias or small sample bias. We
used the trim-and-fill method to estimate the
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robustness of the combined results. The pooled
results for heterogeneity (P = 0.000) and effect
indicators before filling in data from the litera-
ture (MD = 0.764, 95% CI = 0.154–1.374) were
not reversed compared to the pooled results for
heterogeneity (P = 0.000) and effect indicators
after filling the data from the four virtual studies
(MD = 0.927, 95% CI = 0.528–1.631). The
pooled results were stable with reversal. There-
fore, the effect of publication bias was not sig-
nificant, and the results were quite robust. The
assessment of both the inconsistency model
and the node-splitting method suggested that
there was no significant inconsistency. The
results of the pooled analysis showed that the
treatment regimens in the experimental group

had a more pronounced effect on the mainte-
nance of PCP than using insulin alone in the
control group, but with greater heterogeneity
(I2 = 93.4%) (Fig. 6d). The treatment regimens
in the experimental group included insulin ?

1-a-hydroxyvitamin D3, insulin ? sitagliptin,
sulfonylureas, rosiglitazone, insulin ? rosiglita-
zone, insulin ? sitagliptin and insulin ?

rosiglitazone. The subgroup analysis using FCP
baseline grade as a delineation criterion showed
that participants with high FCP baseline grade
were better off using other treatment regimens
than insulin alone, but this result included data
from only one study with high heterogeneity
(I2 = 66.4%) (Fig. 7A,c; see ESM file). The group
with moderate FCP baseline showed that the
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treatment regimens in the experimental and
control groups were not statistically significant
(Fig. 7A,c; see ESM file). The results of the
treatment subgroup analysis showed higher PCP
levels in the population treated with thiazo-
lidinediones compared to that treated with

insulin alone, but there was high heterogeneity
in this group (I2 = 85.1%) due to the small
sample size (Fig. 7B,c; see ESM file). It is note-
worthy that although this subgroup showed
that the choice of sulfonylureas appeared to be
more effective than insulin in maintaining PCP,
the article with a choice of sulfonylureas had
the highest FCP baseline level among the five
papers that reported the effect of PCP mainte-
nance. Therefore, we prefer to hypothesize that
this result indicates the importance of preserv-
ing b-cell function for LADA treatment. The
results of the subgroup divided by duration of
medication showed that participants on medi-
cation for[ 1 year had better maintenance of
the PCP index with other treatment regimens
than insulin alone, but with greater hetero-
geneity (I2 = 89.0%) (Fig. 7D,b; see ESM file).
Subgroup analysis using the presence or absence
of insulin as a delineator did not yield statisti-
cally significant results (Fig. 7C,c; see ESM file).
The sensitivity analysis results were robust
(Fig. 8d).

Fasting Blood Glucose

Four studies reported on the effects of different
drug regimens in reducing FBG. Funnel plots
showed no significant heterogeneity, publica-
tion bias or other bias. Egger’s test revealed no
publication bias. The results of the inconsis-
tency model test showed no inconsistency. The
pooled analysis resulted in no difference in the
treatment for the experimental group compared
to using insulin alone for the control group in
terms of control of FBG, with high heterogene-
ity (I2 = 85.6%) (Fig. 6e). The regimens in the
experimental group were insulin ? gliben-
clamide, sitagliptin, glibenclamide and insulin
? sitagliptin. Subgroup analysis conducted at
baseline FCP levels showed no difference in
treatment regimens between the experimental
and control groups for participants with mod-
erate baseline FCP levels (Fig. 7A,d;; see ESM
file). The regimens of the experimental group of
the subgroup analysis were insulin ? gliben-
clamide, sitagliptin and insulin ? sitagliptin.
Subgroup analysis by class of drug regimens
showed that the regimen with sulfonylureas

bFig. 6 Forest plots of HbA1c, FCP, DHbA1c, PCP, FBG
and BMI of patients with LADA treated by different
regimens. A HbA1c, B FCP, C DHbA1c, D PCP, E FBG,
F BMI. The treatment regimens for the experimental
groups in the forest plot of HbA1c (A) for each study
were, from top to bottom, sulfonylureas, sitagliptin,
glibenclamide, insulin ? sitagliptin, sulfonylureas, rosigli-
tazone, insulin ? rosiglitazone, insulin ? sitagliptin and
insulin ? rosiglitazone. The treatment regimens for the
experimental groups in the forest plot of FCP (B) for each
study were, from top to bottom, insulin ? glibenclamide,
sitagliptin, insulin ? 1-a-hydroxyvitamin D3, insulin ?

sitagliptin, sulfonylureas, rosiglitazone, insulin ? rosiglita-
zone, insulin ? sitagliptin and insulin ? rosiglitazone. The
treatment regimens for the experimental groups in the
forest plot of DHbA1c (C) for each study were, from top
to bottom, glimepiride, placebo, dulaglutide ? insulin
glargine. The treatment regimens for the control groups in
the forest plot of DHbA1c (C) for each study were, from
top to bottom, linagliptin, saxagliptin, sitagliptin and
sitagliptin. The treatment regimens for the experimental
groups in the forest plot of PCP (D) for each study were,
from top to bottom, insulin ? 1-a-hydroxyvitamin D3,
insulin ? sitagliptin, sulfonylureas, rosiglitazone, insulin ?

rosiglitazone, insulin ? sitagliptin and insulin ? rosigli-
tazone. The treatment regimens for the experimental
groups in the forest plot of FBG (E) for each study were,
from top to bottom, insulin ? glibenclamide, sitagliptin,
glibenclamide ? insulin and sitagliptin. The treatment
regimens for the experimental groups in the forest plot of
BMI (F) for each study were, from top to bottom, insulin
? glibenclamide, glibenclamide, insulin ? sitagliptin,
sulfonylureas, rosiglitazone, insulin ? rosiglitazone and
insulin ? sitagliptin. The treatment regimen for the
control group in the forest plots of HbA1c (A), FCP (B),
PCP (D), FBG (E) and BMI (F) for each literature was
insulin. HbA1c Glycosylated hemoglobin, type A1c, FCP
fasting C-peptide, DHbA1c change from baseline in
HbA1c, PCP postprandial C-peptide, FBG fasting blood
glucose, BMI body mass index, LADA latent autoimmune
diabetes in adults, CI confidence interval, VD 1-a-
hydroxyvitamin D3 (1-a(OH)D3), DPP-4 dipeptidyl
peptidase-4.
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was less effective than insulin in reducing FBG,
while the regimen with DPP-4 inhibitors yiel-
ded a better reduction of FBG than insulin with
less heterogeneity (I2 = 0.0%) (Fig. 7B,d; see
ESM file). Due to the paucity of literature
reporting the control of FBG, no valuable sub-
group analysis could be developed regarding the
duration of dosing (Fig. 7D,c; see ESM file) and
whether the drug regimens included insulin
(Fig. 7C,d; see ESM file). The sensitivity analysis
showed a steady result (Fig. 8e).

Body Mass Index

Five papers reported the effects of different
treatment regimens on reduction of the BMI.
No significant heterogeneity, publication bias
or other bias was found in the funnel plot
(Fig. 5d). The results of Egger’s test indicated no
publication bias. The outcomes of the incon-
sistency model test and the assessment of the
node-splitting method showed that there was
no inconsistency. The pooled analysis showed
no statistically significant differences in BMI
reduction between the experimental and con-
trol groups, and the heterogeneity of this

outcome was low (I2 = 0.0%) (Fig. 6f). The
treatment regimens in the experimental group
included insulin ? glibenclamide, gliben-
clamide, insulin ? sitagliptin, sulfonylurea,
rosiglitazone and insulin ? rosiglitazone. The
results of the subgroup analysis using the FCP
baseline class as the criterion for dividing the
groups showed no difference in the control of
BMI between the experimental and control
treatment regimens, regardless of whether the
FCP baseline grade was moderate or high
(Fig. 7A; see ESM file). Interestingly, in this
subgroup, the single effect value in the litera-
ture, in the study of Yang et al. [16], all fell to
the right of the null line, although the use of
insulin was more effective than that of sul-
fonylureas, rosiglitazone or insulin ? rosiglita-
zone, and the baseline FCP grade of the control
group with insulin alone was moderate, which
was lower than the baseline FCP grades of both
the sulfonylurea and rosiglitazone groups; this
result confirms the effect of insulin in control-
ling BMI (Fig. 7A; see ESM file). In addition,
although the effect values reported by Cabrera-
Rode et al. [31] showed that insulin ? gliben-
clamide was more effective in reducing BMI
than insulin alone, the baseline FCP grade in
their control group was low. Kobayashi et al.
[35] showed that even though b-cell function
was good in both the experimental and control
groups, insulin was still more effective than
glibenclamide (Fig. 7A; see ESM file), and the
experimental group medication regimens also
involved glibenclamide. The confidence inter-
vals of both studies involving glibenclamide
were relatively large (Fig. 7A,e; see ESM file),
suggesting that there may be large fluctuations
in the efficacy of sulfonylurea-involved regi-
mens, which need to be clarified by more
studies.

Subgroup analysis by type of treatment
method showed that regimens containing DPP-
4 inhibitors were probably more effective than
insulin alone in controlling BMI, with less
heterogeneity (I2 = 0.0%), but the literature is
sparse for this dataset, and it is now generally
accepted that DPP-4 inhibitors are generally
weight-neutral [11, 38, 39]. Therefore, more
literature data are needed to support this result
(Fig. 7B,e; see ESM file). Subgroup analyses

bFig. 7 Subgroup analysis of HbA1c, FCP, PCP, FBG and
BMI of patients with LADA treated by different regimens.
A Subgroup analysis conducted at baseline FCP levels
(stratified according to the international expert consensus),
B subgroup analysis by class of drug regimens, C subgroup
analyses conducted by whether insulin was chosen,
D subgroup analyses conducted by duration of medication,
E subgroup analysis of FCP conducted at baseline FCP
levels (stratified according to the tertiles of baseline
C-peptide index of the included literature). Aa HbA1c,
Ab FCP, Ac PCP, A FBGd, Ae BMI; Ba HbA1c, Bb FCP,
Bc PCP, Bd FBG, Be BMI; Ca HbA1c, Cb FCP, Cc PCP,
Cd FBG, Ce BMI; Da FCP, Db PCP, Dc FBG, Dd BMI.
The treatment regimens for the experimental groups are
detailed in the Electronic Supplementary Material. The
treatment regimen for the control group was insulin.
HbA1c Glycosylated hemoglobin, type A1c, FCP fasting
C-peptide, PCP postprandial C-peptide, FBG fasting
blood glucose, BMI body mass index, LADA latent
autoimmune diabetes in adults, VD 1-a-hydroxyvitamin
D3 (1-a(OH)D3), DPP-4 Dipeptidyl peptidase-4, CI
confidence interval
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conducted by duration of medication
(Fig. 7D,d; see ESM file) or by whether insulin
was chosen (Fig. 7C,e; see ESM file) showed that
duration of medication or whether insulin was
included in the treatment regimen did not have
a statistically significant effect on the effect on

treatment and control groups in reducing BMI.
Sensitivity analyses showed that only the
exclusion of data from Yang et al. [36] changed
the pooled effect size from positive to negative,
while the effect size of the remaining data from
the literature and the 95% CI did not change

Fig. 7 continued
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significantly due to the exclusion of individual
studies, making the overall results fairly
stable (Fig. 8f).

DISCUSSION

In this study we evaluated the effects of insulin,
sulfonylurea, DPP-4 inhibitors, thiazolidine-
diones, GLP-1RAs, insulin in combination with

Fig. 7 continued
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1-alpha-hydroxyvitamin D3 (insulin ? vitamin
D], subcutaneous injections of GAD-alum and
combination regimens of the abovementioned
classes of drugs on HbA1c, FCP, DHbA1c, PCP,
FBG and BMI in the LADA population. The
SUCRA plots and pooled analysis of all studies
showed that the treatment regimens involving
thiazolidinediones were the most effective in

reducing HbA1c (Figs. 4a, 6a) and maintaining
FCP (Figs. 4b, 6b) and PCP (Figs. 4d, 6d) levels,
but the least effective in reducing BMI (Figs. 4f,
6f). Insulin ? sitagliptin was the most effective
treatment regimen for reducing FBG (Figs. 4e,
6e) and BMI (Figs. 4f, 6f). The results of the
subgroup analysis of treatment were similar to
those of the pooled analysis. The subgroup

Fig. 7 continued
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analysis of FCP baseline grade showed that
participants with better b-cell function could be
better off with a treatment regimen other than
insulin alone with respect to these indicators of
HbA1c (Fig. 7A,a; see ESM file), PCP (Fig. 7Ac;
see ESM file) and FCP (Fig. 7A,b; see ESM file).
This result is in line with the guidelines

introduced for the selection of treatment regi-
mens according to C-peptide levels [10]: that is,
with high C-peptide level, treatment with drugs
other than insulin or with other drugs com-
bined with insulin is preferable, while in those
with poor C-peptide levels, insulin is more
suitable. Subgroup analysis of medication

Fig. 8 Sensitivity analysis of HbA1c, FCP, DHbA1c,
PCP, FBG and BMI of patients with LADA treated by
different regimens. A HbA1c, B FCP, C DHbA1c,
D PCP, E FBG, F BMI. HbA1c Glycosylated hemoglobin,

type A1c, FCP fasting C-peptide, DHbA1c change from
baseline in HbA1c, PCP postprandial C-peptide, FBG
fasting blood glucose, BMI body mass index, LADA latent
autoimmune diabetes in adults, CI confidence interval
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duration showed that in terms of maintenance
of FCP (Fig. 7D,a; see ESM file) and PCP
(Fig. 7D,b; see ESM file), participants on medi-
cation for[1 year would probably benefit from
enhanced efficacy with a regimen other than
insulin alone. The results of the subgroup
analysis of whether the treatment regimens
included insulin showed that the treatment
regimens of insulin combined with other drugs
would be more effective in maintaining FCP
than insulin alone (Fig. 7C,b; see ESM file).
Sensitivity analysis showed that most of the
study data were robust, with two exceptions
(Fig. 8c, f). in the study by Buzzetti et al. [30],
the DHbA1c index (Fig. 8c) affected the robust-
ness of the group by using placebo rather than
other therapeutic agents as a control group. The
BMI group (Fig. 8f) of Yang et al. [36] had a
larger number of participants, and the mean
BMI of the control group was higher than that
of the experimental group, a feature that had an
impact on the robustness of the results, in
contrast to most of the data characteristics of
this group. Our study was not subject to publi-
cation bias, and there were no inconsistencies
that would significantly affect the results of the
data analysis.

Insulin is still being used as the first choice of
pharmacological intervention in the treatment
of adult-onset autoimmune (AOA) diabetes [2].
Exogenous insulin effectively preserves b-cell
function by resting pancreatic b-cells and thus
protects these cells from damage by immune
and metabolic mechanisms [40, 41]. One of the
most immediate concerns regarding the use of
insulin in the LADA population is the timing of
initiation of insulin therapy [2, 42]. The latest
international expert consensus on the treat-
ment of LADA suggests measuring C-peptide
concentrations to determine the treatment
regimen: that is, a multiple-insulin regimen is
recommended for participants with C-peptide
levels \ 0.3 nmol/L; for participants with
C-peptide levels C 0.3 nmol/L and B 0.7 nmol/
L, it is recommended that a combination regi-
men of other therapies with insulin be consid-
ered that does not lead to deterioration of b-cell
function; in the case of C-peptide[0.7 nmol/L,
it is suggested that treatment be provided
according to T2DM treatment [10]. Our

subgroup analysis of FCP baseline levels divided
the data included in the study into three
groups: low, medium and high FCP baseline
levels according to the above-mentioned
C-peptide classification criteria. The results of
this subgroup analysis showed that among the
three indicators of HbA1c, PCP and FCP, the
experimental group could be more effective in
maintaining FCP and PCP levels and reducing
HbA1c than the control group with insulin
alone when the baseline level of FCP was in the
medium and/or high class. This difference was
also statistically significant and less heteroge-
neous for FCP indicator, and the number of
papers using this indicator as an assessment
indicator was large. The results of our subgroup
analysis confirmed the statistical reliability and
validity of the expert consensus statement’s
recommendation to adjust the medication reg-
imen for patients with AOA diabetes according
to C-peptide levels. In addition, despite the
generally recognized effectiveness of insulin in
regulating, among other things, b-cell failure in
the LADA population [2, 19], the results of our
cluster ranking analysis of SUCRA values indi-
cated that insulin was moderately effective in
improving all indicators. In contrast, insulin
combined with other treatments ranked high in
terms of SUCRA values. In particular, the com-
bination of insulin ? sitagliptin ranked top in
the group in terms of efficacy in reducing FBG
and BMI. More notably, the data from the lit-
erature included in the analysis of both FBG and
BMI had medium to high FCP baseline grades,
but the differences in FCP baseline grades were
not statistically significant in the comparison of
treatment regimens for FBG and BMI. Few RCTs
have been able to confirm the efficacy of insulin
combined with sitagliptin for the treatment of
LADA [28, 36], so further clinical studies are
needed to determine whether insulin ? sita-
gliptin together can broadly help improve FBG
and BMI levels in the LADA population with
different b-cell functions. The pooled analysis
likewise demonstrated that insulin may not be
optimal in terms of the maintenance effects for
FCP and PCP. Subgroup analysis of FCP with
respect to whether insulin was applied showed
that the combination regimens of insulin were
more effective than insulin alone. Regarding
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the benefits of insulin ancillary drugs compared
with increasing insulin dose in terms of efficacy,
it has been suggested that insulin ancillary
drugs can not only improve glycemic control
but also better counteract insulin adverse events
in the treatment of T1DM [8]. However, more
prospective RCTs are needed to provide more
scientific and reasonable evidence on the ben-
efits of the combination regimens of insulin in
the treatment of LADA. Overall, the results of
our meta-analysis suggested that the combina-
tion of insulin and other treatment regimens
was more likely to be more effective in terms of
improvement in several indicators, such as FCP
and PCP, compared to treatment with insulin
alone. This may be related to the generally high
baseline levels of FCP reported in the published
data we included in our study, so this specula-
tion remains to be proven by data from RCTs
with sufficient follow-up time.

Sulfonylureas are not recommended for the
treatment of LADA [10, 19, 43]. This class of
drugs stimulate insulin secretion by inhibiting
KATP channels, thereby causing depolarization
of the b-cell membrane and opening
Ca2? channels, and thus causing Ca2? inward
flow. However, this process triggers a reduction
in the number of functional KATP channels in
the plasma membrane, a decrease in b-cells and
accelerated death which, taken together, lead to
a progressive impairment of the acute insuli-
notropic effects of sulfonylureas [44]. Several
RCTs have shown that compared to insulin and
DPP-4 inhibitors, sulfonylureas provide poorer
metabolic control and reduce C-peptide levels
more rapidly [16, 34, 41]. These findings are
consistent with the results of our meta-analysis.
Cluster ranking analysis of SUCRA values
showed that the treatment regimens involving
sulfonylureas were less effective in improving
several indicators, such as HbA1c, DHbA1c, FBG
and BMI, compared to other treatment regi-
mens. In particular, in terms of the control of
FBG, subgroup analysis of treatment showed
that the experimental group with treatment
regimens containing sulfonylureas were less
effective in reducing FBG than the control
group with insulin alone, and the difference was
statistically significant. The data from the liter-
ature in the forest plot of HbA1c also suggested

that only the experimental group with sul-
fonylureas had effect values falling to the right
of the null line; that is, the control group trea-
ted with insulin alone was more efficacious
than the experimental group [32, 35] (Fig. 6a).
This difference between sulfonylureas and other
treatment regimens inevitably rendered the
results of this pooled analysis highly heteroge-
neous (I2 = 82.9%), which also indicated its
nondominance in the modulation of HbA1c
(Fig. 6a). Although the SUCRA plots for FCP
(Fig. 4b) and PCP (Fig. 4d) showed that sul-
fonylureas alone ranked second, volunteers on
sulfonylureas alone had the highest baseline
FCP in the data for both indices and a clear
advantage over the baseline levels of FCP in the
other groups. Moreover, the sulfonylurea com-
bination regimens were the least effective in
terms of FCP maintenance. Thus, sulfonylureas
did not appear to be as effective in terms of FCP
and PCP maintenance based on the SUCRA
graph. The results of our subgroup analysis in
which FCP baseline grade was the delineation
criterion further confirmed the conjecture that
subjects with higher FCP baseline were more
suitable for a combined insulin regimen, while
subjects with low FCP baseline were more suit-
able for treatment with insulin alone. This trend
was most pronounced in the experimental
group in which sulfonylureas and DPP-4 inhi-
bitors were involved. We are therefore more
inclined to hypothesize that the results of our
analysis suggest the possibility that participants
with better residual b-cell function experience
better treatment efficacy with a combined
insulin regimen, but they do not suggest that
sulfonylurea treatment is appropriate for the
LADA population. These findings corroborate
the current recommendations for the selection
of LADA treatment regimens [10].

Thiazolidinediones are a class of insulin
sensitizers that act as agonists of highly selective
peroxisome proliferator-activated receptor-c
(PPARc), thus increasing the response of target
tissues of insulin action, such as skeletal muscle
and liver, to insulin, and exert a significant
ameliorative effect on insulin resistance while
lowering glucose levels [45]. The cluster ranking
analysis of SUCRA values conducted in this
study showed that the treatment regimens
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involving thiazolidinediones ranked first in the
control of HbA1c (Fig. 4a), FCP (Fig. 4b) and
PCP (Fig. 4d) but ranked last in the control of
BMI (Fig. 4f) [16, 37]. Similarly, in a subgroup
analysis of treatment by drug class, a statisti-
cally significant advantage of thiazolidine-
diones over insulin alone in the regulation of
HbA1c (Fig. 7B,a; see ESM file) and PCP
(Fig. 7B,c; see ESM file) was shown [16, 37].
However, all of these observations were limited
by the small number of available clinical studies
and small sample sizes. Because of the paucity of
relevant literature, it was not possible to clarify
whether there was a correlation between the
efficacy of thiazolidinediones and basal b-cell
function in the LADA population. Thiazo-
lidinediones have a promising future in the
treatment of LADA, but refining them into a
mature therapeutic strategy for the effective
management of LADA still requires more high-
quality clinical trials.

GLP-1RAs are relatively emergent hypo-
glycemic agents that lower blood glucose by
activating the GLP-1 receptor. GLP-1 is an
enteroglucagon that promotes insulin secretion
from pancreatic b-cells in a glucose concentra-
tion-dependent manner and inhibits glucagon
secretion; it is also able to play a role in delaying
gastric emptying and in weight loss
[13, 14, 46, 47]. Few clinical RCTs have been
performed on the use of GLP-1RA in the treat-
ment of LADA, and our meta-analysis includes
study data on GLP-1RA and the index DHbA1c.
Cluster ranking analysis of SUCRA values
showed that the effectiveness of GLP-1RAs in
modulating DHbA1c was relatively very effec-
tive, second only to insulin [12] (Fig. 4c). Based
on the pooled analysis of DHbA1c, it was also
possible to determine that GLP-1RAs con-
tributed more to the regulation of DHbA1c
levels than did DPP-4 inhibitors (Fig. 6c), but
since the literature included in this study
excluded some participants receiving insulin
therapy [12, 48–51], this result actually tended
more to indicate that GLP-1RA would benefit
LADA patients who had a certain amount of
islet function. A recent study found a protective
effect of a regimen of liraglutide ? anti-inter-
leukin (IL)-21 on b-cells in T1DM [52], but
liraglutide alone did not demonstrate such an

effect. The results of our analysis similarly did
not support the notion that GLP-1RAs had an
effect on b-cell function. Due to the lack of
prospective, large-scale, long-term RCTs on
GLP-1RAs with respect to the ability of this drug
class to control metabolic abnormalities and
maintain b-cell function in the LADA popula-
tion, there is a lack of supportive data on the
effect of GLP-1RAs in the treatment of LADA.

Immunological intervention studies for the
LADA population were dominated by a study
assessing the safety and efficacy of GAD-alum
using subcutaneous injections of GAD-alum
compared to placebo [17]. The most recent
phase 2 findings of this study were that a 20-lg
dose of GAD-alum increased FCP in this group
of participants over 5 years compared with
placebo, and did not impair b-cell function [17].
In the present study, a cluster ranking analysis
of SUCRA values regulating DHbA1c showed
that although subcutaneous injections of GAD-
alum were more effective than placebo, they
still fell short compared to other treatment
options and even ranked behind sulfonylureas
[17] (Fig. 4c). The findings with respect to this
immune intervention therapy are still limited
by small sample trials, and the results need to be
validated by more high-quality RCTs with larger
sample sizes. The results of systematic studies
on, for example, effective injection dose and
periodicity, are still unclear, so there is still far-
reaching space for exploration.

VD is thought to improve immune imbal-
ance. It has been shown that the VD receptor
(VDR) is a key regulator of b-cell survival [53].
The results of a multicenter RCT showed that
the addition of vitamin D3 to the medication
regimen of saxagliptin and conventional ther-
apy would be more beneficial in protecting the
function of b-cells in the LADA population [54].
We could perceive on the cluster ranking plot of
the SUCRA values of this study that the regi-
mens involving vitamin D3 ranked high in the
hierarchical ranking of maintaining FCP levels
(Fig. 4b), even before the introduction of DPP-4
inhibitors, although the effect on PCP mainte-
nance was not as outstanding [18] (Fig. 4d). The
conclusions drawn on the pooled analysis mir-
rored the results of the cluster ranking of
SUCRA values (Fig. 6b, d). However, there were
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also some studies stating that VD was associated
with insulin resistance in T2DM but not with
LADA; even serum concentrations of VD were
not significantly correlated with C-peptide in
LADA or T2DM [55, 56]. Undoubtedly, the
ability of VD to maintain b-cell function and
improve immune and metabolic imbalances in
the LADA population also needs to be con-
firmed by many more large RCTs.

The subgroup analysis of this study also
demonstrated that the various regimens of
LADA were influenced by the duration of the
experiment, particularly for PCP (Fig. 7D,b; see
ESM file). The analysis of its temporal subgroup
showed that a study duration of[ 1 year had a
statistically significant effect on the results, and
that the heterogeneity tended to decrease
[16, 28, 36, 37]. This finding provides data-
supported recommendations for the optimal
time to conduct RCT studies exploring the
therapeutic implications of LADA.

The results of this network meta-analysis are
significant because:

(1) It is the first time that a comprehensive
and systematic network meta-analysis of
treatment options for LADA was con-
ducted, including a total of 15 drug regi-
mens for the treatment of LADA, with
combination drug treatments, drugs as
monotherapy, injectable drugs and oral
drugs. This analysis not only assessed the
statistical quality of the relevant literature
on the treatments of LADA, but also pro-
vided recommendations for designing
research protocols and research directions
for conducting future studies of the regi-
mens of LADA.

(2) Cluster ranking analysis of SUCRA values,
forest plots, subgroup analysis, sensitivity
analysis, funnel plots, publication bias and
other methods, and the effects of various
treatment regimens on multiple indicators
reflecting different meanings of LADA were
analyzed and evaluated from multiple per-
spectives, providing intuitive data support
for the clinical choices of physicians and
the LADA population.

(3) The study was not affected by publication
bias or other bias.

(4) The analysis provided statistical evidence
for the treatment regimens of other drugs
combined with insulin. The strategy of
insulin in combination with other drugs
may be expected to alleviate the compli-
cations caused by long-term insulin appli-
cation in the LADA population.

(5) Subgroup analysis was conducted with FCP
baseline, incorporating the C-peptide con-
centration delineation method proposed
by expert consensus [10], and the effects of
various treatment regimens on residual b-
cell function were explored.

(6) Subgroup analysis of medication duration
demonstrated the association between b-
cell function and medication duration.

However, this network meta-analysis also
has the following limitations:

(1) RCT studies of LADA are still in their
infancy, and there are few high-quality
RCTs related to LADA; small clinical stud-
ies predominate the literature. Therefore,
the published data included in our study
have the limitation of a small sample size
in general. For example, this inevitably
brought heterogeneity to this meta-analy-
sis and had an impact on the stability of
the relevant data under the BMI index.
This can be demonstrated in the results of
sensitivity analysis of BMI
[16, 28, 31, 35, 36].

(2) The different participant characteristics
and durations of experimental studies and
the complexity of drug administration in
the studies included in the analysis make
certain data show a tendency to be widely
scattered, and the variability of the various
protocols needs to be further clarified.

(3) In order to elaborate as comprehensively as
possible on the efficacy of various treat-
ment regimens in the LADA population,
the included studies spanned a wide range
of sample sizes, follow-up durations and
interventions, which adds to the intrinsic
challenge for a uniform definition of
LADA.

(4) The design of RCT study protocols regard-
ing interventions for LADA has progressed
with the increasing understanding of
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LADA, with some of the older clinical
studies on LADA having limitations in
terms of study strategy, and even a few
studies using sulfonylureas as interven-
tions. Although the results of our analysis
do not recommend the use of sulfony-
lureas in the LADA population, there is no
doubt that RCTs with more acceptable de-
sign and methodology need to be con-
ducted to better compare the effects of
various treatment options in this
population.

(5) Due to the paucity of reports of prospective
RCTs in the LADA population, our analysis
cannot avoid certain limitations. There-
fore, there is still a great deal of room for
development of research on treatment
regimens for LADA. In particular, the net-
work meta-analysis of treatment regimens
for LADA can only be made more scientif-
ically sound by increasing the amount of
data from specifically designed prospective
RCTs in this population.

CONCLUSION

Overall, the results of this network meta-analy-
sis suggest that insulin has a significant advan-
tage in modulating DHbA1c in the LADA
population. The combination insulin ? DPP-4
inhibitors has the most significant effect in
reducing FBG and BMI, and treatment regimens
involving thiazolidinediones achieve the best
effects in modulating HbA1c, FCP and PCP.
GLP-1RAs, immune interventions and regimens
that incorporate vitamin D still require addi-
tional prospective studies with large samples
and long-term follow-ups to obtain clearer
results. Our findings support the recommenda-
tion of an international expert consensus that
divides C-peptide concentrations into three
groups corresponding to different treatment
regimens: C-peptide levels\0.3 nmol/L,
C-peptide levels C 0.3 nmol/L, B 0.7 nmol/L
and C-peptide levels[0.7 nmol/L [10]. In
addition, a longer duration of therapy may be
more highly beneficial to the LADA population
in terms of maintaining b-cell function.
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