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OBJECTIVE

This study investigated the relationship between GAD autoantibody (GADA) titers
and changing of b-cell function in patients with latent autoimmune diabetes in
adults (LADA).
RESEARCH DESIGN AND METHODS

This 3-year prospective study enrolled 95 subjects from 15 Chinese cities including 25
high-titer (GADA ‡180 units/mL) LADA patients, 42 low-titer (GADA <180 units/mL)
LADA patients, and 28 type 2 diabetic patients, the latter two groups as controls of
similar age, sex, and BMI. Clinical characteristics were determined annually, including
glycosylated hemoglobin (HbA1c), fasting C-peptide (FCP), and 2-h postprandial
C-peptide (PCP).
RESULTS

Despite similar initial FCP and PCP, FCP and PCP both decreased more in subjects
with high GADA titer (FCP from mean 0.49 nmol/L at entry to 0.13 nmol/L at the
third year; P < 0.05) than with low GADA titer (FCP from mean 0.48 to 0.38 nmol/L)
and type 2 diabetes (FCP from mean 0.47 to 0.36 nmol/L); the latter two groups
being similar. After 3 years, residual b-cell function (FCP >0.2 nmol/L) was
detected in only 42% with an initial high GADA titer compared with 90% with a
low GADA titer and 97% with type 2 diabetes (P < 0.01 for both). GADA positivity at
the third year persisted more in subjects with initially high GADA (92%) than with
low GADA (26%) titers (P < 0.01).
CONCLUSIONS

In selected LADA patients, initial GADA titers identiﬁed subjects with different
degrees of persistent autoimmunity and disease progression. LADA patients
with a low GADA titer had metabolic phenotypes and loss of b-cell function similar
to type 2 diabetic patients.
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levels $180 units/mL were deﬁned as
“high GADA level,” whereas those between 18 and 180 units/mL were deﬁned
as “low GADA level” (16). The inclusion
criteria were 1) diagnosis of diabetes
(World Health Organization [WHO] 1999
criteria) at age $30 years, 2) duration of
diabetes ,5 years, and 3) patients with
residual islet function (fasting C-peptide
[FCP] $0.2 nmol/L or 2-h postprandial
C-peptide [PCP] $ 0.4 nmol/L). The additional inclusion criteria for the low-GADA
titer group and type 2 diabetic group were
that patients should be similar for age,
sex, and BMI with those in the highGADA titer group. The exclusion criteria
were 1) history of any malignancy or other
severe diseases, 2) unable to ﬁnish the
3-year follow-up, or 3) poor compliance
or refusal to participate. This study was
conducted in accordance with the Declaration of Helsinki and was approved by local
ethics committees. All patients signed an
informed consent.
A total of 5,324 newly diagnosed phenotypic type 2 diabetic patients were
tested for GADA, and 287 were screened
out as LADA. Among those 287 patients
with LADA, 48 were disqualiﬁed by inclusion criteria, 98 refused to participate, and
35 had been included in other trials. Of the
67 patients included in the current study,
25 had high GADA titers and 42 had
low GADA titers. Enrolled as control subjects were 28 age-, sex-, and BMI-similar

GADA-negative type 2 diabetic patients
(Fig. 1). All patients were recommended
to have early administration of insulin or
oral drugs (rosiglitazone or metformin) according to their speciﬁc disease conditions.
No other hypoglycemic agents, such as sulfonylurea, were used during the study
period.
In the high-GADA titer LADA group,
20 patients received insulin therapy (of
whom 18 were given Insulin Aspart 30 or
Novolin 30R, and 2 were given insulin
glargine), 6 received metformin, and
15 received rosiglitazone. In the lowGADA titer LADA group, 22 patients received insulin therapy (of whom 14 were
given Insulin Aspart 30 or Novolin 30R,
and 8 were given insulin glargine), 20 received metformin, and 19 received rosiglitazone. In the type 2 diabetic group, 6
patients received insulin therapy (all using Insulin Aspart 30 or Novolin 30R), 22
received metformin, and 10 received
rosiglitazone.
The study lasted for 36 months, and the
follow-up visits took place at 0, 12, 24, and
36 months. On each annual visit, tests
were started before 9:00 A.M. Long-acting
insulin was withheld before the visit day.
Short-acting insulin and oral antidiabetic
drugs were not permitted on the visit day.
After an overnight fast, blood samples
were collected from each subject before
and 2 h after a standard 500-kcal mixedmeal tolerance test (53.8% of calories as

RESEARCH DESIGN AND METHODS
Subjects

Patients were recruited from 25 centers in
15 major cities in China from a prospective
study from January 2006 to December
2011. The study enrolled three groups of
patients: a high-GADA titer LADA group, a
low-GADA titer LADA group, and a type 2
diabetic group. LADA was deﬁned according to the Immunology of Diabetes Society
2004 deﬁnition, based on the diagnosis of
diabetes at age $30 years old, independence of insulin therapy for at least 6
months, and GADA positivity (10). GADA

Figure 1—Flowchart shows the process of patients’ enrollment.
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Latent autoimmune diabetes in adults
(LADA), an adult-onset form of autoimmune diabetes, shares clinical and
immunogenetic characteristics with either type 1 diabetes or type 2 diabetes
(1–3). In contrast to type 2 diabetes, a
larger proportion of LADA patients progress to insulin treatment, and current
therapeutic strategies include the early
use of insulin and avoidance of sulfonylurea drugs (4–7). Despite insulin therapy,
individuals with LADA tend to have worse
glycemic control than patients with type 2
diabetes (8). At present, LADA is diagnosed
by the presence of at least one islet autoantibody, most commonly GAD autoantibody (GADA), and insulin-independence
for at least 6 months postdiagnosis (9,10).
Several cross-sectional studies have
shown that GADA titers are associated
with the phenotypic heterogeneity of clinical features in LADA patients (11–16). The
apparent bimodal distribution of GADA
titers can be used to classify LADA into
two subgroups with distinct clinical, autoimmune, and genetic features (13–15).
Studies of Chinese (16) and Caucasians
(14) both showed that the characteristics
of patients with low GADA titers were similar to those of antibody-negative type 2
diabetic patients, including sex and age at
diagnosis, BMI, HbA1c, b-cell function reserve, the metabolic syndrome, and insulin
treatment. Therefore, whether a single autoantibody positive at low titers is sufﬁcient evidence for autoimmune diabetes
remains controversial (17,18). We therefore selected well-matched patients from
the multicenter LADA China Study to investigate the relationship between GADA
titers and the b-cell destruction rate. The
aim of this prospective study was to explore the natural history of pancreatic
b-cell function in LADA patients with different GADA titers.
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C-Peptide and HbA1c Assays

Serum C-peptide levels were measured
by a chemiluminescence method using
the Adiva Centaur Systemakit (Siemens,
Munich, Germany). The inter- and intraassay variation coefﬁcients were
3.7–4.1% and 1.0–3.3%, respectively.
HbA 1c was measured by automated
liquid chromatography (VARIANT-II
Hemoglobin Testing System; Bio-Rad
Laboratories, Hercules, CA). Insulin resistance (IR) was measured with
HOMA2-IR, the computerized version
of HOMA (20).

GADA Assays

GADA was analyzed by radioligand assay
in duplicate. The GADA titer of 18 units/mL
or higher was deﬁned as positive and
conﬁrmed by repeated assay. The sensitivity and speciﬁcity were 82% and 98%,
respectively. Intra- and interassay coefﬁcients of variation were 8.9% and
11.2%, respectively. The assay has been
validated by Islet Autoantibody Standardization Program 2012 and sponsored by the Immunology of Diabetes
Society.
HLA Genotyping

Genomic DNA was extracted from anticoagulated peripheral blood using a
phenol-chloroform method. HLA-DQA1
and -DQB1 genotypes were deﬁned by
DNA analysis using PCR to amplify exon
2 of both DQA1 and DQB1 genes, followed
by standard DNA sequencing-based typing (21). The deﬁnition of HLA protective
haplotypes and HLA susceptibility haplotypes was according to that in LADA China
Study reported by Zhou et al. (16).
Statistical Analysis

Statistical analysis was performed with
SPSS 16.0 software. Data are presented
as mean 6 SD or as indicated. A one-way
ANOVA was used to examine the baseline
data and the changes in BMI, waist and hip
circumference, HbA1c, and C-peptide
among the groups. A paired t test was

used for a comparison of the C-peptide
changes from the baseline value within
the same group. A x2 test was used to
compare categorical variables. Twosided statistical tests were performed,
and a P value of , 0.05 was considered
signiﬁcant.
RESULTS

The 3-year follow-up was completed by
24 of 25 patients in the high-titer group,
39 of 42 in the low-titer group, and 27 of
28 with type 2 diabetes. The subjects’
baseline characteristics are reported in
Table 1. There were no signiﬁcant differences in age at diagnosis and BMI (by
design) or in HbA 1c , HLA genotype,
HOMA2-IR, and b-cell function (including FCP, PCP, and DCP [DCP = FCP 2
PCP]) among the three groups (P .
0.05), nor did the insulin daily dose differ among the three groups (Table 1).
The diabetes-protective haplotypes
in Chinese (including DQA1*0102DQB1*0601, DQA1*0102-DQB1*0602,
and DQA1*0601-DQB1*0301) in the
three groups were 18.2% (4 of 22),
17.6% (6 of 34), and 18.8% (3 of 16),
respectively. The frequency of Chinese
diabetes-susceptibility haplotypes
(including DQA1*03-DQB1*0303, DQA1*03DQB1*0401, DQA1*05-DQB1*0201) in all
the three groups was 50%. The frequencies
of diabetes-protective haplotypes and

Table 1—Baseline data of LADA and type 2 diabetic patients
Type 2 diabetes
n = 28

Low GADA titer LADA
n = 42

High GADA titer LADA
n = 25

53.6 6 10.1

52.2 6 9.0

50.6 6 11.7

18
10

29
13

15
10

2.2 6 0.7
24.4 6 2.9

1.8 6 0.9
24.6 6 2.5

2.0 6 1.3
23.5 6 2.6

Metformin (yes/no), n

22/6

20/22*

6/19*

Rosiglitazone (yes/no), n

10/18

19/23

15/10

Metformin and rosiglitazone (yes/no), n

9/19

11/31

3/22

Insulin (yes/no), n

6/22

22/20*

20/5*

Age (years)
Sex
Male
Female
Duration (years)
BMI (kg/m2)

Insulin dose (units/kg/day)

0.34

0.34

0.35

6.4 6 1.2

6.8 6 1.0

6.9 6 1.1

46 6 13
1.1 (0.5, 2.3)

51 6 11
1.2 (0.6, 3.4)

52 6 12
1.3 (0.5, 5.3)

FCP (nmol/L)

0.47 (0.22, 0.90)

0.48 (0.25, 1.04)

0.49 (0.20, 1.07)

PCP (nmol/L)

1.74 (0.42, 3.64)

1.80 (0.48, 3.55)

1.55 (0.73, 3.67)

DCP (PCP – FCP) (nmol/L)

1.22 (0.14, 2.74)

1.27 (0.00, 2.44)

1.24 (0.11, 3.28)

18.2 (4/22)

17.6 (6/34)

18.8 (3/16)

50 (8/16)

50 (17/34)

50 (11/22)

HbA1c (%)
HbA1c (mmol/mol)
HOMA2-IR

HLA protective haplotypes, % (n/N)
HLA susceptibility haplotypes, % (n/N)

Data are shown as mean 6 SD, median (minimum, maximum), or as indicated. *P , 0.05 compared with type 2 diabetic group.
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carbohydrate, 25.6% as fat, and 9.6%
as protein) (19). Serum glucose and Cpeptide levels were measured before
and 120 min after the mixed meal. Biochemical indicators were determined at
the study sites by standard methods.
Glycosylated hemoglobin (HbA1c ), Cpeptide level, and GADA testing were
measured at the core laboratory of the
Second Xiangya Hospital. Body height,
weight, waist and hip circumference,
and blood pressure were measured
with a standardized procedure. BMI
and waist-to-hip ratio (WHR) were calculated. Among all patients, 22 of 25 highGADA LADA patients consented to the
genetic study, as did 34 of 42 and patients in the low-GADA LADA group and
16 of 28 type 2 diabetic patients.
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21.7 6 8.5

24 months

0.90 6 0.05

22.8 6 7.1

36 months

0.91 6 0.07

24.9 6 2.8

12 months

0.91 6 0.07

25.2 6 2.9

24 months

0.91 6 0.07

24.2 6 4.9

36 months

0.86 6 0.07

24.1 6 3.3

12 months

0.88 6 0.08

23.9 6 3.2

24 months

55 6 17

7.2 6 1.7

0.87 6 0.07

23.8 6 3.4

36 months
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12 months

0.88 6 0.06

50 6 11

6.7 6 1.2

High GADA titer

24.8 6 2.3

52 6 10

6.9 6 1.3

Low GADA titer

0.89 6 0.06

53 6 12

7.0 6 1.1

Type 2 diabetes

BMI (kg/m2)

51 6 10

6.8 6 0.9

Table 2—General data changes among the three groups

WHR

51 6 9

0.13
(0.01, 0.90)*#

6.8 6 0.9

0.23
(0.01, 0.77)*#

52 6 12*

0.34
(0.01, 1.57)*

0.51
(0.01, 2.71)*#

6.9 6 1.0*

0.38
(0.04, 0.96)*

0.75
(0.04, 4.01)*

50 6 9

0.34
(0.11, 1.01)*

1.16
(0.19, 3.33)*

6.7 6 0.9

0.50
(0.13, 1.29)

1.40
(0.11, 2.88)*

50 6 12

0.36
(0.16, 0.77)*

1.30
(0.18, 3.35)*

6.7 6 1.0

0.35
(0.19, 0.83)

1.56
(0.22, 3.64)

HbA1c, %

0.43
(0.15, 0.98)

1.17
(0.2, 3.37)*

HbA1c, (mmol/mol)

FCP (nmol/L)

1.45
(0.45, 3.63)

GADA titers are associated with the heterogeneity of clinical features and b-cell
function in LADA patients. Our present

1.39
(0.44, 4.03)

CONCLUSIONS

PCP (nmol/L)

high- and low-GADA titer LADA groups,
compared with the type 2 diabetic
group, were taking insulin, and fewer patients were taking metformin. At the
third year, the difference in the proportion of patients with insulin therapy between low-GADA titer and type 2
diabetic groups was not signiﬁcant (11
of 27 in the type 2 diabetic group and
29 of 39 in low-GADA titer group, as reported in Supplementary Table 1). Despite
greater use of insulin and less use of metformin in the former, the rate of decline of
b-cell function did not differ signiﬁcantly
between the low-GADA titer group and
the type 2 diabetic group after adjustment
for the different use of drugs (by ANCOVA,
P . 0.05).
We analyzed the GADA level after the
3-year follow-up, as summarized in Supplementary Table 2. GADA positivity
persisted after 3 years in 92% with an
initial high GADA titer but only 26%
with a low GADA titer (P , 0.01).
In the high-GADA titer group, 83.4%
of subjects (20 of 24) remained with
high GADA titers, whereas only 8.3% of
subjects (2 of 24) became low GADA titer, and 8.3% (2 of 24) became GADA
negative. Although 74.4% of subjects
(29 of 39) in the low-GADA titer group
became GADA negative, only 20.5% (8 of
39) remained low-titer GADA positive,
whereas 5.1% (2 of 39) became highGADA titer positive.
We further analyzed the clinical features and proportions of changes according to GADA titers among LADA
patients (Supplementary Table 3). Despite the lack of signiﬁcant difference
in sex, age, duration, BMI, HOMA-IR,
and HbA1c between the GADA high-titer
and low-titer groups, the PCP and DCP
were both lower in the subjects with
b-cell failure (deﬁned as FCP ,0.2
nmol/L, opposite to “with residual
b-cell function”; P , 0.05). In addition,
compared with patients without b-cell
failure, the patients with b-cell failure
had a higher GADA titer at entry and at
the end of the third year (both P , 0.01),
and a larger proportion of patients with
higher GADA titer also showed persistent GADA positivity or continuous
high GADA titers (both P , 0.05).

Data are shown as mean 6 SD or median (minimum, maximum). *P , 0.05 compared with baseline in each group. #P , 0.05 compared with type 2 diabetic group.

diabetes-susceptibility haplotypes were
similar among the three groups (Table
1). In type 2 diabetic patients, less insulin
therapy and more metformin were used
(P , 0.05, Table 1).
During the 3 years, there were no signiﬁcant differences of BMI, WHR, and
HbA1c level among the three groups (Table 2). FCP, PCP, and DCP decreased signiﬁcantly in the high-GADA titer group,
with modest changes in the low-GADA
titer group and type 2 diabetic group
(Fig. 2). The PCP levels (minimum, maximum) decreased signiﬁcantly from
baseline 1.55 (0.73, 3.67) nmol/L to
1.16 (0.19, 3.33) nmol/L; 0.75 (0.04,
4.01) nmol/L, and 0.51 (0.01, 2.71)
nmol/L at the ﬁrst, second, and third
year in the high-GADA titer group respectively. In contrast, low-GADA titer
group patients showed no signiﬁcant
changed from baseline 1.80 (0.48,
3.55) nmol/L to 1.40 (0.11, 2.88) nmol/L
during the 3-year follow-up. In the type 2
diabetic group, the PCP levels also had no
signiﬁcant change from baseline 1.74
(0.42, 3.64) nmol/L to 1.17 (0.20, 3.37)
nmol/L by the third year.
The average rate of decrease of FCP
was 18.7% per year in the high-GADA
titer group, 6.5% per year in the lowGADA titer group, and 4.8% per year in
the type 2 diabetic group (Supplementary Fig. 1). The rate of decline of FCP
and PCP per year was signiﬁcantly
higher in the high-GADA titer group
(P , 0.05 for both) than in the lowGADA titer group and type 2 diabetic
patients.
Because FCP .0.2 nmol/L was deﬁned
as residual b-cell function (22,23), we
then further evaluated the percentage
of individuals with FCP .0.2 nmol/L
over time among the three groups. The
patients with residual b-cell function decreased from 100% at baseline to 72% at
the ﬁrst year, to 48% at the second year,
and to 42% at the third year in highGADA group. In contrast, residual b-cell
functions by the third year were maintained in more patients in the other two
groups (90% with low GADA titers and
96% with type 2 diabetes; P , 0.01 for
both compared with the high-GADA titer
group) (Fig. 2). Metformin could protect
human pancreatic islets from the lipotoxicity (24,25). That early insulin treatment could protect b-cell function of
LADA patients was also reported
(26,27). At entry, more patients in the
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results indicate that selected patients
with a low GADA titer were metabolically similar to those GADA-negative
type 2 diabetic patients. In this prospective study of Chinese diabetic patients
with high and low GADA titers, we
found a signiﬁcant distinction between
the two groups, with a more marked decline in FCP and PCP after 3 years of
follow-up. In addition, high titer GADA
tended to remain positive with high
GADA titer in contrast to low titer
GADA and was less evanescent. These
results mirror previous smaller European studies, which showed the more
aggressive nature of the disease, allied
to GADA persistence, in those with
“high levels” of GADA (28) and “high
autoantibody afﬁnity” (29). In this latter study, GADA afﬁnity correlated
strongly with GADA titer, and low afﬁnity GADA was associated with prolonged preservation of FCP, as was
low titer GADA in our present study.
In LADA there is a broad range of progression in b-cell function, GADA titer,
and GADA afﬁnity. These three features
have been shown to be positively associated both now in Chinese as well as
previously in Europeans (29). It follows
that there is an association between
GADA and the destructive autoimmune
effect.

These observations raise an important question about how LADA with
low GADA titer differs from antibodynegative type 2 diabetes. Certainly, in
metabolic terms, this present study
found no difference in rates of disease
progression between low-titer GADA
patients and patients with type 2 diabetes. A recent small, but detailed, European study of b-cell function and
insulin sensitivity also found no differences between LADA and type 2 diabetes (30). Also, in our present study,
74.4% of low-GADA titer patients became GADA negative versus only 8.3%
for high-GADA titer patients, so low
GADA titer is an unstable state that
reﬂects a limited degree of autoimmunemediated destruction, unrelated to progression to type 1 diabetes (29) or,
indeed, only reﬂects the systemic inﬂammation characteristic of type 2 diabetes (31,32). It was reported that
GADA could result from distinct immunization events, in which those children
with high-afﬁnity GADA and/or epitope
speciﬁcity are at high risk of type 1 diabetes (33). Certainly, we have now
found a similar pattern in Chinese
adults in whom high GADA titers are
maintained for a few years after diagnosis of diabetes associated with a decline
in b-cell function, with similar results
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Figure 2—The levels of FCP (A), PCP (B), and DCP (C) concentrations in the high-titer GADA, lowtiter GADA, and type 2 diabetic groups. C, high-titer group; -, low-titer group; ▲, type 2
diabetic group. High-titer group: aP , 0.05 compared with baseline, dP , 0.05 compared with
type 2 diabetic group; low-titer group: bP , 0.05 compared with baseline; type 2 diabetic
group: cP , 0.05 compared with baseline. D: Proportion of individuals with FCP .0.2 nmol/L
over time.

reported in previous European studies
(28,34).
Although our results clearly showed
that low-GADA titer LADA had similar
disease progression as type 2 diabetes,
we cannot conclude that low-GADA titer
LADA and type 2 diabetes can be
equated, as previously proposed (18).
First, in our previous larger study (16)
we found that the total HLA DQ susceptibility haplotypes were higher in the
low-GADA titer group compared with
type 2 diabetes, whereas the total
protective haplotypes were similar between the two groups. Second, low-titer
GADA autoimmunity is associated with a
markedly increased prevalence of autoimmune thyroid disease, especially
among European men, and in contrast
to type 2 diabetes (17). It will be important in further studies to dissect ethnic
variation. According to the LADA China
study, the frequency of GADA in China
was similar to that in Europe, but with
low GADA titer in 74% of the former
compared with 26% of the latter (14,16).
Our current study has several
strengths. First, it was a novel multicenter study performed in China as part of
LADA China. Second, it was a prospective
study that, for the ﬁrst time, speciﬁcally
sought distinctions between high- and
low-GADA titer groups in terms of decline in b-cell function. Third, we
excluded a series of confounding factors
by ensuring similarity for them among
the three groups, including age at onset
of diabetes, disease duration, and BMI,
but also with similar baseline glycemic
control, residual b-cell function, and
HLA-DQ genotypes. Because the lowGADA titer patients did not show an
accelerated decline in b-cell function
during the study period and were metabolically similar to patients with type 2
diabetes, it follows that it might be possible to treat them in the same way as
type 2 diabetic patients.
The potential limitations of the current study are that the number of subjects was relatively small and the
observation time was relatively short.
Also, all patients in the low-GADA titer
and type 2 diabetic groups were selected to be initially similar with those
in the high-GADA titer group, which
means that these patients could not
truly represent all low-GADA titer or
type 2 diabetic patients. A longer duration of study and a larger-scale
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prospective study with subjects showing a
wider range of clinical features is needed
to conﬁrm our observations.
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