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ABSTRACT

Introduction: Previous studies suggested that
b-cell function markers such as fasting and
postprandial serum C-peptide and C-peptide
increment (FCPR, PCPR, and DCPR, respec-
tively) may be useful in estimating glycemic
response to glucagon-like peptide-1 receptor
agonists. However, it remains elusive whether
baseline glycemic control confounds these
markers. Here we aimed to identify the least
confounded b-cell function markers and

investigate whether these markers could predict
glycemic response to dulaglutide.
Methods: We evaluated FCPR, PCPR, and DCPR
levels in patients with type 2 diabetes who ini-
tiated dulaglutide treatment after a standard-
ized meal tolerance test (MTT). We first
investigated the confounding effects of baseline
HbA1c on b-cell function markers using Pear-
son’s correlation test. Then, we evaluated the
association between each b-cell function marker
and glycemic response (HbA1c change
0–6 months) to dulaglutide using generalized
linear model and logistic regression analysis
with adjustment for baseline HbA1c.
Results: In 141 patients, baseline HbA1c was
significantly inversely correlated with PCPR and
DCPR (P\ 0.01 for both) but not with FCPR
(r = 0.02; P = 0.853), suggesting that FCPR was
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the marker least confounded by baseline gly-
cemic control. Of all patients, 59 continued
dulaglutide for at least 6 months without initi-
ating any additional glucose-lowering medica-
tions. Mean ± SE HbA1c change 0–6 months
was - 1.16 ± 0.17% (P\ 0.001 vs. baseline).
The b-cell function markers were significantly
associated with HbA1c change 0–6 months in
the generalized linear model. FCPR was also a
significant predictor for achieving a reduction
in HbA1c of at least 1% (P = 0.044) with an area
under the receiver operating characteristic
curve of 0.83 (sensitivity = 0.81 and
specificity = 0.79).
Conclusion: Fasting and meal-induced C-pep-
tide levels are associated with glycemic response
to dulaglutide, among which FCPR is least
confounded by baseline glycemic control, sug-
gesting its utility as a marker for glycemic
response to dulaglutide.

Keywords: b-Cell function; C-peptide;
Dulaglutide; Glucagon-like peptide-1 receptor
agonists; Type 2 diabetes

Key Summary Points

Why carry out this study?

Previous studies reported that b-cell
function markers, such as fasting and
meal-induced C-peptide levels, might be
useful in estimating the efficacy of
glucagon-like peptide-1 receptor agonists.

However, the following questions remain
unanswered: Are these markers
confounded by baseline glycemic control,
and if so, what is the least confounded
marker? What is the association between
that marker and glycemic response to
dulaglutide, a widely used glucagon-like
peptide-1 receptor agonists?

We aimed to (i) investigate the
confounding effect of baseline glycemic
control on the b-cell function markers to
determine the least confounded marker
and (ii) investigate whether the b-cell
function markers are associated with
HbA1c-lowering effects of dulaglutide,
exploring a suitable marker of glycemic
response to dulaglutide.

What was learned from this study?

Meal-induced C-peptide levels (PCPR and
DCPR) were significantly affected by
baseline glycemic control, whereas fasting
C-peptide (FCPR) was not, suggesting that
FCPR was the marker least confounded by
baseline glycemic control.

FCPR, PCPR, and DCPR were significantly
associated with glycemic response to
dulaglutide. Furthermore, FCPR was a
significant predictor for achieving a
reduction in HbA1c of at least 1%,
suggesting its utility as a marker for
glycemic response to dulaglutide in
clinical settings.

INTRODUCTION

Glucagon-like peptide-1 receptor agonists (GLP-
1RAs) stimulate insulin secretion from b-cells in
a glucose-dependent manner [1]. Although
GLP-1RAs have been widely used in clinical
settings, the treatment response to GLP-1RAs is
highly variable [2]. Therefore, identifying clini-
cal markers predictive of glycemic response to
GLP-1RAs is of critical importance.

Previous studies have shown that the gly-
cemic response to several GLP-1RAs, mainly
liraglutide or exenatide, is positively associated
with b-cell function markers, such as fasting
C-peptide (FCPR) [3–7] and postprandial
C-peptide (PCPR) serum levels [7, 8]. However,
clinical measurements can be confounded by
baseline glycemic control, especially chronic
hyperglycemia [9, 10]; thus, appropriate
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surrogates that are minimally influenced by
baseline glycemic control are warranted in
clinical settings. Furthermore, there are few
studies on the relationship between clinical
markers and glycemic response to dulaglutide
despite its wide usage.

In the present study, we aimed to investigate
the influence of baseline HbA1c (glycated
hemoglobin) on b-cell function markers to
determine the least confounded marker. In
addition, we aimed to evaluate whether the
b-cell function markers were associated with the
HbA1c-lowering effects of dulaglutide to iden-
tify a suitable marker of glycemic response to
dulaglutide.

METHODS

Study Design and Participants

A schematic diagram of the inclusion and
exclusion workflow of study patients is pre-
sented in Fig. 1. We studied the data of 141
patients with type 2 diabetes (T2D) who initi-
ated dulaglutide treatment (0.75 mg) at the
discretion of the physician in charge as part of
usual diabetes care within 1 week after

undergoing a standardized meal tolerance test
(MTT) between September 2015 and December
2019 at the Tazuke Kofukai Medical Research
Institute, Kitano Hospital, Osaka, Japan. At our
institution, the MTT is performed on the second
day of hospital admission for nonemergent
glycemic control as routine clinical practice.
Relevant data were collected retrospectively.
Our study excluded patients with pancreatic or
liver disease, a history of previous use of other
classes of GLP-1RAs, endocrine disorders that
can cause hyperglycemia, estimated glomerular
filtration rate (eGFR) of no greater than 30 mL/
min/1.73 m2, or anti-glutamic acid decarboxy-
lase antibodies, as well as those taking agents
known to promote hyperglycemia such as glu-
cocorticoids. Physical examination and labora-
tory evaluation were performed at the baseline
before the initiation of dulaglutide treatment
and the MTT. All patients who had previously
received dipeptidyl peptidase-4 (DPP-4) inhibi-
tors stopped receiving them 1 day before the
initiation of dulaglutide treatment. The present
study was performed in accordance with the
Declaration of Helsinki and approved by the
local ethics board committee of Kitano Hospital
(No. 1807005, approved on April 8, 2020).

Fig. 1 Schematic diagram of the patient selection. HbA1c glycated hemoglobin, CPR C-peptide, eGFR estimated glomerular
filtration rate, GAD glutamic acid decarboxylase, GLP-1RAs glucagon-like peptide-1 receptor agonists
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Informed consent was waived because of the
retrospective nature of this study.

First-Step Analysis: Confounding Effects
of Baseline HbA1c on Clinical b-Cell
Function Markers

Pearson’s product-moment correlation coeffi-
cient (r) was calculated to determine correla-
tions between baseline HbA1c and the b-cell
function markers (FCPR, PCPR, and C-peptide
increment [DCPR]). Pearson’s correlation test
results with a P value less than 0.05 were con-
sidered as significant correlations, indicating
the confounding effect of baseline glycemic
control on the marker.

Second-Step Analysis: Association
Between the b-Cell Function Markers
and Glycemic Response to Dulaglutide

Second, we analyzed the association between
the b-cell function markers and the treatment
response to dulaglutide (HbA1c change
0–6 months, defined as a change from baseline
HbA1c to HbA1c at 6 months) in the remaining
patients who continued dulaglutide for at least
6 months without initiating any additional
glucose-lowering medications.

Generalized Linear Model Analysis
We assessed the relationship between each
variable (sex, age, body mass index [BMI],
duration of T2D, fasting plasma glucose [FPG],
postprandial plasma glucose [PPG], FCPR, PCPR,
DCPR, high-density lipoprotein [HDL] choles-
terol, and triglycerides) and the treatment
response using a generalized linear model with
adjustment for baseline HbA1c as a covariate.
We also evaluated additional variables, includ-
ing fasting immunoreactive insulin, homeosta-
sis model assessment of b-cell function
(HOMA2-%b), and homeostasis model assess-
ment of insulin sensitivity (HOMA2-%S), in
non-insulin-treated patients. We adjusted
HbA1c change 0–6 months for baseline HbA1c
as recommended previously, considering that a
higher baseline HbA1c level denotes a greater
response to glucose-lowering therapies [11–13].

Logistic Regression Analysis
We also conducted logistic regression to evalu-
ate the association between HbA1c change
0–6 months and each b-cell function marker
with adjustment for baseline HbA1c as a
covariate.

Patients with an HbA1c change 0–6 months
of at least 1% were defined as good responders
and those with an HbA1c change 0–6 months of
less than 1% as poor responders. For logistic
regression, C-peptide measurements were stan-
dardized to have unit variance to enable com-
parisons of their odds ratios [14].

For both analyses, HbA1c changes at 3 and
6 months were defined as 12 ± 1 and
24 ± 1 weeks, respectively, after the initiation
of dulaglutide treatment. The last valid obser-
vation between 3 and 6 months was carried
forward to 6 months only if the patients were
missing HbA1c at 6 months and continued
dulaglutide for at least 6 months; otherwise, the
patients were excluded from further analysis. To
ensure the validity of the last observation car-
ried forward (LOCF) approach, we evaluated
whether HbA1c changes from baseline to
3 months (HbA1c change 0–3 months) and
6 months were not significantly different, using
the paired t test.

Additional Analysis: Cotreatment Changes

To rule out the confounding effect of changes in
cotreatment on HbA1c change 0–6 months, we
evaluated whether oral antidiabetic agent
(OAD) dose changes/discontinuation during
months 0–6 significantly affected HbA1 change
0–6 months using the unpaired t test. We used a
univariable linear regression with HbA1c
change 0–6 months as a dependent variable and
insulin dose change as a continuous indepen-
dent variable to evaluate the association
between insulin dose change and HbA1c
change 0–6 months.

Additional Analysis: Baseline OAD Use
and b-Cell Function Markers

To assess the influence of baseline OADs use on
b-cell function markers in the remaining
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patients who continued dulaglutide, we evalu-
ated whether each OAD use affected C-peptide
levels in the MTT using the unpaired t test. For
the OAD significantly associated with b-cell
function markers, we additionally evaluated the
relationship between HbA1c change 0–-
6 months and each b-cell function marker, with
baseline HbA1c and the OAD use as covariates,
to investigate the confounding effects of base-
line OAD use on the results of the second-step
analysis.

Measurements

After the patients fasted overnight for at least
10 h, MTT was carried out to determine FCPR,
PCPR, and DCPR serum levels in the MTT. PCPR
was measured 2 h after a standardized test meal
load, and DCPR was calculated according to the
following formula: DCPR = PCPR - FCPR.
Serum C-peptide was measured using a chemi-
luminescent immunoassay kit (Siemens
Healthcare Diagnostics, Tokyo, Japan). HbA1c
was measured using the latex agglutination
inhibition method. The results are shown as
National Glycohemoglobin Standardization
Program values. The standardized test meal
included 460 kcal, consisting of 60% carbohy-
drates, 10% protein, and 30% fat. Other labo-
ratory measurements, including plasma
glucose, were measured using standard assays.

Statistical Analysis

All analyses were performed using R version
4.0.2 (R Foundation for Statistical Computing,
Vienna, Austria), and results with P\ 0.05 were
considered statistically significant.

RESULTS

Baseline Characteristics

We identified 141 patients eligible for the first-
step analysiswho initiateddulaglutide treatment
after the MTT in which FCPR, PCPR, and DCPR
were measured. For the second-step analysis, 59
patients who continued dulaglutide for at least

6 months without initiating any additional glu-
cose-lowering agents were included. For patients
excluded from the second-step analysis, reasons
for exclusion were discontinuation of dulaglu-
tide within 6 months of the initiation, initiation
of the new glucose-loweringmedications, or loss
to follow-up. Further details are provided in
Supplementary Table 1. The baseline character-
istics of all 141 patients for the first-step analysis
and 59 for the second-step analysis are shown in
Tables 1 and 2, respectively.

First-Step Analysis: Confounding
Association Between Baseline HbA1c
and Clinical b-Cell Function Markers

Baseline HbA1c showed a significant inverse
correlation with PCPR and DCPR (r = - 0.25
and - 0.33, respectively; P\0.01 for both), but
not with FCPR (r = 0.02; P = 0.853) (Fig. 2),
suggesting the confounding effect of baseline
HbA1c on markers of meal-induced insulin
secretion.

HbA1c Change from Baseline to 3 Months
(HbA1c Change 0–3 Months)
and to 6 Months (HbA1c Change
0–6 Months)

The mean ± standard error change in HbA1c
from baseline was - 1.27 ± 0.20% at 3 months
and - 1.16 ± 0.17% at 6 months (P\ 0.001 for
both; Fig. 3). The difference in HbA1c change
between 3 and 6 months was not significant
(P = 0.314), justifying the LOCF approach.
LOCF was applied to eight patients.

Of 59 patients who continued dulaglutide
for at least 6 months without any additional
glucose-lowering medications, almost half
(n = 29) achieved a reduction in HbA1c of at
least 1% over 6 months. Baseline HbA1c was
positively and significantly associated with the
treatment response (r = 0.67; P\0.001; Sup-
plementary Fig. 1). On the contrary, we did not
find an association between HbA1c change
0–6 months and OAD dose change (or discon-
tinuation) or insulin dose change (P = 0.221
and 0.171, respectively). Thus, we did not adjust
for OAD or insulin dose change.
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Second-Step Analysis: Association
Between b-Cell Function Markers
and Glycemic Response to Dulaglutide

Generalized Linear Model Analysis
In the generalized linear model analysis with
adjustment for baseline HbA1c as a covariate,
the b-cell function markers were significantly
associated with HbA1c change 0–6 months (re-
gression coefficient for FCPR = - 0.71;
P = 0.031; regression coefficient for PCPR =

- 0.46; P = 0.015; regression coefficient for
DCPR = - 0.52; P = 0.043) (Table 3). Other
variables (age, sex, BMI, duration of T2D, FPG,
PPG, HDL cholesterol, and triglycerides) lacked
significant associations with the treatment
response. As supplementary subgroup analyses,
fasting immunoreactive insulin, HOMA2-%b,
and HOMA2-%S were also evaluated in non-
insulin-treated patients but were not signifi-
cantly associated with the treatment response

Table 1 Baseline characteristics of a total of 141 patients

Mean – SD or n (%)

Male 89 (63%)

Age at baseline, years 70.0 ± 12.0

Body weight, kg 63.9 ± 13.4

Body mass index, kg/m2 24.7 ± 4.1

Duration of T2D, years (n = 128) 15.2 ± 11.1

Baseline HbA1c level, % 9.5 ± 1.8

Estimated glomerular filtration rate, mL/min/1.73 m2 67.3 ± 21.8

High-density lipoprotein cholesterol, mmol/L 1.27 ± 0.35

Triglyceride, mmol/L (n = 140) 2.02 ± 1.65

Oral antidiabetic drugs and insulin users at baseline

Metformin 58 (41%)

Dipeptidyl peptidase-4 inhibitors 105 (74%)

Sulfonylureas 64 (45%)

Sodium-glucose cotransporter 2 inhibitors 10 (7.1%)

Glinides 16 (11%)

a-Glucosidase inhibitors 30 (21%)

Thiazolidinedione 8 (5.7%)

Insulin 35 (25%)

Fasting plasma glucose, mmol/L (mg/dL) (n = 140) 9.5 ± 2.7 (172.9 ± 49.8)

Postprandial plasma glucose, mmol/L (mg/dL) 16.0 ± 4.3 (287.6 ± 76.7)

FCPR, nmol/L (ng/mL) 0.50 ± 0.26 (1.52 ± 0.79)

PCPR, nmol/L (ng/mL) 1.20 ± 0.67 (3.63 ± 2.04)

Each value represents the mean ± standard deviation (SD) for continuous variables or n (%) for categorical variables
T2D type 2 diabetes, HbA1c glycated hemoglobin, FCPR fasting C-peptide, PCPR postprandial C-peptide
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(P[0.5 for all), possibly as a result of large
variances (Supplementary Table 2).

Logistic Regression for Determining a Good
Responder
Furthermore, in logistic regression with adjust-
ment for baseline HbA1c as a covariate, FCPR
was a significant predictor for achieving a
reduction in HbA1c of at least 1% (odds ratio
[OR], 2.08; 95% confidence interval [CI],
1.02–4.23; P = 0.044) (Table 4) with an area

under the receiver operating characteristic
curve (AUC) of 0.83 (95% CI 0.72–0.94) (Fig. 4).
For discriminating good or poor responders, the
probability (P) of achieving a reduction in
HbA1c of at least 1% over 6 months was for-
mulated using predictor variables X1 (baseline
HbA1c) and X2 (FCPR) as follows:

Table 2 Baseline characteristics of the 59 patients included in the second-step analysis

Mean – SD or n (%)

Male 35 (59%)

Age at baseline, years 72.5 ± 11.9

Body weight, kg 62.7 ± 11.6

Body mass index, kg/m2 24.7 ± 3.5

Duration of T2D, years (n = 55) 17.2 ± 10.6

Baseline HbA1c, % 8.9 ± 1.2

Estimated glomerular filtration rate, mL/min/1.73 m2 65.7 ± 20.6

High-density lipoprotein cholesterol, mmol/L 1.29 ± 0.37

Triglycerides, mmol/L 1.75 ± 0.74

Oral antidiabetic drugs and insulin users at baseline

Metformin 26 (44%)

Dipeptidyl peptidase-4 inhibitors 49 (83%)

Sulfonylureas 28 (47%)

Sodium-glucose cotransporter 2 inhibitors 5 (8.5%)

Glinides 12 (20%)

a-Glucosidase inhibitors 15 (25%)

Thiazolidinedione 4 (6.8%)

Insulin 15 (25%)

Fasting plasma glucose, mmol/L (mg/dL) 9.2 ± 2.3 (166.1 ± 42.2)

Postprandial plasma glucose, mmol/L (mg/dL) 15.8 ± 4.1 (283.5 ± 73.4)

FCPR, nmol/L (ng/mL) 0.50 ± 0.29 (1.52 ± 0.86)

PCPR, nmol/L (ng/mL) 1.33 ± 0.70 (4.03 ± 2.11)

Each value represents the mean ± standard deviation (SD) for continuous variables or n (%) for categorical variables
T2D type 2 diabetes, HbA1c glycated hemoglobin, FCPR fasting C-peptide, PCPR postprandial C-peptide
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P ¼ 1

1þ e�ðb0þb1X1þb2X2Þ

where b0 = - 10.42 (intercept), b1 = 1.20 (coef-
ficient for baseline HbA1c), and b2 = 0.73 (co-
efficient for FCPR) (Table 4). With a cutoff of
P = 0.50, a sensitivity of 0.81 and specificity of
0.79 was achieved. Thus, if a patient who

initiated dulaglutide treatment had a probabil-
ity (P) of at least 0.50, which can be calculated
with a patient’s baseline HbA1c (X1) and FCPR
(X2) with the aforementioned formula, the
patient is likely to be a good responder.
Although neither PCPR nor DCPR was a signif-
icant predictor in logistic regression analysis,
the results were directionally consistent with
that of FCPR (for PCPR, OR 1.69 [95% CI
0.84–3.40]; AUC 0.81 [95% CI 0.70–0.92];
P = 0.143; for DCPR, OR 1.27 [95% CI
0.67–2.39]; AUC 0.80 [95% CI 0.69–0.91];
P = 0.467) (Table 4, Supplementary Fig. 2).

Treatment Response Analysis with Adjustment
for Baseline DPP4 Inhibitors Use
In the 59 patients, baseline DPP-4 inhibitor use
was significantly associated with higher FCPR
and PCPR, while other baseline OADs use were
not associated with baseline C-peptide (Sup-
plementary Table 3). On the basis of these
results, we additionally evaluated the relation-
ship between HbA1c change 0–6 months and
each b-cell function marker with baseline
HbA1c and DPP-4 inhibitor use as covariates. In
the generalized linear model, the b-cell function

Fig. 2 Relationship between baseline HbA1c and a fasting
serum C-peptide (FCPR), b 2-h postprandial serum
C-peptide (PCPR), and c serum C-peptide increment
(DCPR) in 141 patients. DCPR is calculated according to

the following formula: DCPR = PCPR - FCPR. Pear-
son’s correlation coefficients and P values are presented.
HbA1c glycated hemoglobin

Fig. 3 HbA1c change from baseline to 6 months in 59
patients who continued dulaglutide for at least 6 months.
HbA1c glycated hemoglobin, SE standard error
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markers were significantly associated with
HbA1c change 0–6 months regardless of the
presence or absence of baseline DPP-4 inhibitor
use (regression coefficient for FCPR = - 1.25;
P = 0.007; regression coefficient for PCPR =
- 0.51; P = 0.007; regression coefficient for
DCPR = - 0.53; P = 0.036) (Supplementary
Table 4). Moreover, FCPR was a significant pre-
dictor for achieving a reduction in HbA1c of at
least 1% regardless of the presence or absence of
baseline DPP-4 inhibitor use (OR 2.30 [95% CI
1.09–4.86]; AUC 0.84 [95% CI 0.74–0.94];

P = 0.029) (Supplementary Table 4). Although
PCPR nor DCPR was a significant predictor, the
results were directionally consistent with that of
FCPR (for PCPR, OR 1.72 [95% CI 0.85–3.47];
AUC 0.81 [95% CI 0.701–0.919]; P = 0.129; for
DCPR, OR 1.27 [95% CI 0.67–2.39]; AUC 0.80
[95% CI 0.69–0.91]; P = 0.467). Furthermore, in
a subgroup of patients who switched from
DPP-4 inhibitors todulaglutide (n = 49), the b-cell
function markers were significantly associated
with HbA1c change 0–6 months in the general-
ized linear model (Supplementary Table 5).

Table 3 Relationship between variables and the HbA1c change after dulaglutide initiation with adjustment for baseline
HbA1c

b SE t value P ( >|t|)

FCPR (nmol/L) - 0.7144 0.102 - 7.006 0.031

PCPR (nmol/L) - 0.4571 0.181 - 2.524 0.015

DCPR (nmol/L) - 0.5151 0.249 - 2.073 0.043

Age (years) - 0.0013 0.011 - 0.119 0.906

Sex 0.0103 0.266 0.039 0.969

BMI (kg/m2) - 0.0259 0.037 - 0.693 0.491

Duration of T2D (years) 0.0110 0.013 0.875 0.385

FPG (mmol/L) - 0.0620 0.063 - 0.989 0.327

PPG (mmol/L) - 0.0221 0.034 - 0.658 0.513

HDL cholesterol (mmol/L) 5.749 9 10-6 3.951 9 10-6 1.455 0.151

Triglycerides (mmol/L) - 4.471 9 10-7 2.039 9 10-6 - 0.219 0.827

SE standard errors of the b coefficients, HbA1c glycated hemoglobin, FCPR fasting C-peptide, PCPR postprandial
C-peptide, DCPR C-peptide increment, BMI body mass index, T2D type 2 diabetes, FPG fasting plasma glucose, PPG
postprandial plasma glucose, HDL cholesterol, high-density lipoprotein cholesterol

Table 4 Relationship between b-cell function markers and the HbA1c change after dulaglutide initiation in logistic
regression analysis

b SE z value OR (95% CI) P (>|z|)

FCPR (nmol/L) 0.7305 0.3626 2.015 2.08 (1.02–4.23) 0.044

PCPR (nmol/L) 0.5230 0.3574 1.463 1.69 (0.84–3.40) 0.143

DCPR (nmol/L) 0.2360 0.3246 0.727 1.27 (0.67–2.39) 0.467

SE standard errors of the b coefficients, HbA1c glycated hemoglobin, OR odds ratio, CI confidence interval, FCPR fasting
C-peptide, PCPR postprandial C-peptide, DCPR C-peptide increment
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DISCUSSION

In this study, we conducted two-step analyses.
The first-step analysis evaluated the confound-
ing of baseline glycemic control on b-cell
function markers to determine the least con-
founded marker; the second-step analysis
investigated the association of b-cell function
markers and glycemic response to dulaglutide.
In the first-step analysis, baseline HbA1c was
significantly inversely associated with PCPR and
DCPR, indicating that chronic hyperglycemia
may deteriorate meal-induced endogenous
insulin secretion and confound these markers.
On the contrary, FCPR was not associated with
baseline HbA1c. Thus, we delineated FCPR as
the least confounded marker. In the second-step
analysis, all the b-cell function markers were
significantly inversely associated with HbA1c
change 0–6 months in the generalized linear
model with adjustment for baseline HbA1c.
Furthermore, FCPR was a significant predictor
for achieving an HbA1c change 0–6 months of
at least 1% (good responders) with the AUC of
0.83. Although neither PCPR nor DCPR was a
significant predictor of the achievement of
HbA1c reduction of at least 1%, the results of
the logistic regression analysis were direction-
ally consistent among the b-cell function
markers studied.

Regarding the first-step analysis, our findings
that PCPR and DCPR were confounded by

baseline HbA1c were conceivable because meal-
induced endogenous insulin secretion can be
impaired by chronic hyperglycemia [15]. Fur-
thermore, the study that examined factors
influencing PCPR in 273 Japanese patients with
T2D suggested that this factor might reflect the
state of glucose toxicity-induced impaired
insulin secretion [10]. Although some observa-
tional studies have shown that the PCPR is a
potentially useful b-cell function marker for
subsequent insulin treatment or successful
switching from complex insulin therapy to
GLP-1RA monotherapy [7, 8, 16], we should
note that the patients in those previous studies
had better baseline glycemic control than
patients in the present study. Collectively, the
markers of meal-induced insulin secretion
might be slightly less valuable in estimating
b-cell function in patients exposed to chronic
hyperglycemia because baseline glycemic con-
trol may confound the association between
these markers and glycemic response, distorting
the estimation. Although the molecular mech-
anisms of glucose toxicity remain largely
unclear, it may be partly attributable to the
deterioration of b-cell responsiveness to glucose
and the incretin effect, which can be recovered
by improving glycemic control [9, 15, 17].

With regard to the second-step analysis, we
indicated that the b-cell function markers
assessed in the MTT were significantly associ-
ated with glycemic response to dulaglutide
using the generalized linear model with adjust-
ment for baseline HbA1c. In addition, FCPR
could explain the variance with the AUC of 0.83
(sensitivity = 0.81; specificity = 0.79). Although
neither PCPR nor DCPR was a significant pre-
dictor of the achievement of HbA1c reduction
of at least 1%, the results were directionally
consistent with that of FCPR. Because potenti-
ation of b-cell insulin secretion is considered a
major mechanism of action of GLP-1RAs,
including dulaglutide [1, 18, 19], it is conceiv-
able that a higher C-peptide, which reflects
higher residual b-cell function, leads to better
glycemic response to dulaglutide. A recent
study evaluated the association between the
b-cell mass and glycemic response to dulaglu-
tide in rodent models, which showed a positive
correlation [20]; this was consistent with our

Fig. 4 Receiver operating characteristic curve analysis of
FCPR for predicting the achievement of HbA1c reduction
of at least 1% at 6 months. The area under the curve
(AUC) is 0.83 (95% confidence interval [CI], 0.72–0.94).
FCPR fasting C-peptide, HbA1c glycated hemoglobin
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findings. Our findings also agree with previous
clinical studies using GLP-1RAs other than
dulaglutide, which showed that reduced resid-
ual b-cell functions were associated with insuf-
ficient glycemic response to liraglutide and
exenatide [3–8, 21, 22]. However, these clinical
studies investigated the effects of exenatide or
liraglutide, but not dulaglutide.

Regarding the strengths of the present study,
we measured b-cell function markers using the
standardized MTT in patients hospitalized for
nonemergent glycemic control. This ensured
proper measurements and compared fasting
and postprandial b-cell markers, highlighting
confounding effects of baseline HbA1c on PCPR
and DCPR, as well as the utility of FCPR as a
marker of response to dulaglutide. Since there is
scarce evidence regarding the association
between b-cell function markers and response
to dulaglutide, we believe our study provides an
important suggestion on the useful clinical
markers of response to dulaglutide. This study
also has several limitations. First, the limited
sample size potentially reduced the statistical
power for some analyses, including the sub-
group analyses on the associations of fasting
immunoreactive insulin and HOMA2-%b with
treatment response in non-insulin-treated
patients. Second, because of the retrospective
nature of the study, we could not completely
eliminate the influence of unmeasured con-
founding factors. We also note that a certain
proportion of the patients in the first-step
analysis were excluded from the second-step
analysis for various reasons (e.g., loss to follow-
up); we could not eliminate the possibility that
their exclusion affected the second-step analysis
results. A prospective study with a large sample
size is warranted to confirm our findings. Third,
we assessed baseline b-cell function using serum
C-peptide as readout, which could be affected
by multiple factors, such as concurrent glucose,
insulin sensitivity, and C-peptide clearance [23].
Although there are accurate tests for b-cell
function, such as a hyperglycemic clamp or
intravenous glucose tolerance tests, they are
highly invasive and time-consuming, which
makes the measurement of C-peptide the most
suitable in routine clinical practice. Another
potential limitation of C-peptide measurements

is the possible modification of endogenous
insulin secretion with concurrent use of exoge-
nous insulin and OAD [24]. However, all 141
patients in this study had high fasting and
postprandial glucose levels at baseline, and the
difference between those treated with and
without exogenous insulin was small (mean
fasting glucose, 9.26 mmol/L and 9.14 mmol/L;
mean postprandial glucose, 15.60 mmol/L and
16.18 mmol/L, respectively). Although baseline
DPP-4 inhibitor use was significantly associated
with FCPR and PCPR in the second-step analy-
sis, the results with and without adjustment for
DPP-4 inhibitors were consistent with each
other, both showing significant associations
with dulaglutide response for FCPR, PCPR, and
DCPR in the generalized linear model and for
FCPR in the logistic regression model. Fourth,
the LOCF approach, in which the last valid
observation between 3 and 6 months was car-
ried forward for eight patients (13.6%) missing
6-month measurements, might have influenced
the data in this study. However, we evaluated
the difference in HbA1c change 0–3 months
and HbA1 change 0–6 months, showing that
the difference was small and not significant.
Thus, our use of the LOCF approach should
have had little influence on the results. Lastly,
the dose of dulaglutide (0.75 mg), the approved
dose in Japan used in the current study, was half
of the maximum dose (1.5 mg) approved in
many countries. However, the differences
between the HbA1c-lowering effects of 0.75 mg
and 1.5 mg of dulaglutide were small in multi-
ple large-scale studies [25–29].

CONCLUSION

The current study suggests that fasting and
meal-induced C-peptide are associated with
glycemic response to dulaglutide, among which
FCPR is least confounded by baseline glycemic
control. FCPR can be a useful marker for gly-
cemic response to dulaglutide in clinical
settings.
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