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Abstract 

Background Metformin is recommended as a first-line drug in the guidelines of the treatment for type 2 diabetes 
mellitus. However, high-quality evidence from clinical trials directly comparing the degree of hypoglycemic effect 
of combination therapy of metformin and a hypoglycemic agent with a different mechanism of action with that of 
monotherapy of a hypoglycemic drug is lacking. We aimed to examine whether combination therapy of hypoglyce-
mic agents with metformin showed antagonism, addition, or synergism compared to monotherapy with hypoglyce-
mic agents other than metformin regarding hemoglobin  A1c levels.

Methods This retrospective cohort study used a medical information database in Japan. Non-insulin anti-hyper-
glycemic agents with different mechanisms of action were classified into eight drug classes. A monotherapy cohort 
and a combination therapy added to the metformin cohort were defined. The change in hemoglobin  A1c levels 
was evaluated to compare the treatment effect between the cohorts.

Results A total of 13,359 patients with type 2 diabetes mellitus in the monotherapy cohort and 1,064 in the met-
formin combination therapy cohort were identified. A comparison of the change from baseline HbA1c level by drug 
class between the two cohorts showed a similar trend. Among those treated with dipeptidyl peptidase-4 inhibitor 
and sodium-glucose co-transporter-2 inhibitor, no clinically significant difference was observed between the two 
cohorts (0.00% and -0.07% for unadjusted, 0.15% and -0.03% for propensity score matching-adjusted, and 0.09% 
and -0.01% for inverse probability treatment weighting-adjusted analysis).

Conclusions According to the results of this study, the effect of dipeptidyl peptidase-4 inhibitor or sodium-glucose 
co-transporter-2 inhibitor added to metformin seems to be additive with respect to the reduction in hemoglobin  A1c.
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Sodium-glucose co-transporter-2 inhibitor
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Background
The worldwide increase in the prevalence of type 2 dia-
betes mellitus (T2DM) is mostly attributed to an increase 
in the population of overweight and obese people [1]. 
An estimated 451 million people worldwide are affected 
by diabetes [2], and approximately 1 in 11 adults has 
diabetes, 90% of whom have T2DM [3]. Asia is a cen-
tral region of the rapidly emerging T2DM pandemic, 
with China and India being the most affected countries 
[3]. According to the National Health and Nutrition 
Survey conducted by Ministry of Health, Labour and 
Welfare in 2019, approximately 15% of the adult popu-
lation have diabetes (hemoglobin  A1c [HbA1c] ≥ 6.5% 
or under treatment for diabetes) and approximately 
13% of the adult population are on the verge of devel-
oping diabetes (6.0% ≤ HbA1c < 6.5%) [4]. For every 1% 
decrease in HbA1c, the risk of microvascular complica-
tions decreases by 37% and that of diabetes-related death 
decreases by 21% [5].

While existing pharmacological options for the diabe-
tes treatments may provide satisfactory glycemic control 
for some patients, there remains many patients who do 
not achieve the target HbA1c levels, suggesting the need 
for additional therapeutic options. In Western countries, 
metformin used to be recommended as a first-line drug 
in the guidelines of the treatment for T2DM [6], in recent 
years, the pharmacologic therapy should be guided by 
person-centered treatment factors, including comorbidi-
ties and treatment goals [7, 8]. Clinical practice guide-
lines for diabetes in Japan do not specify a first-line drug, 
and drug selection is left to the discretion of physicians 
in consideration of patient characteristics and pathologi-
cal conditions [9]. Nevertheless, dipeptidyl peptidase-4 
inhibitor (DPP-4i) is the most widely used drug for 
T2DM in Japan, followed by metformin [10]. Addition-
ally, the Japanese guidelines for the treatment of diabe-
tes recommend combination therapy with hypoglycemic 
agents with different mechanisms of action if the target 
glycemic control level is not achieved by mono-therapy 
of first-line treatment [9]. Moreover, the early inter-
vention with DPP-4i in combination with metformin 
provides more effective and long-lasting benefits than 
metformin monotherapy, which is the current standard 
of care [11]. The hypoglycemic effect of the addition of a 
hypoglycemic agent with a different mechanism of action 
to metformin has been reported by meta-analysis, and it 
has been reported that dual-drug combination therapy 
added to metformin is more effective than metformin 
monotherapy for lowering HbA1c levels among all drug 
classes [12, 13]. A clinical study comparing sulfonylurea 
(SU) monotherapy with combination therapy SU and 
metformin, reported that dual therapy with metformin 
had a higher hypoglycemic effect than SU monotherapy 

[14]. However, high-quality evidence from clinical trials 
directly comparing the degree of hypoglycemic effect of 
combination therapy of metformin and a hypoglycemic 
agent with a different mechanism of action with that 
of monotherapy of a hypoglycemic drug is lacking [15, 
16]. Additionally, in previous meta-analyses, individual 
patient background data, such as factors affecting hypo-
glycemic action, have not been used for analysis.

With the recent proliferation of electronic medical 
records and administrative claims databases, the results 
of analyses of real-world data have become increasingly 
important in medical decision-making. Real-world data-
base research is recognized as a powerful tool for under-
standing the impact of current practice on the clinical 
course and outcomes, including long-term glycemic con-
trol, incidence of microvascular and macrovascular dis-
ease, and mortality [10].

Therefore, we comprehensively evaluated the interac-
tion for the efficacy of metformin with hypoglycemic 
agents that have different mechanisms of action using 
individual patient data obtained from the medical data-
base for each drug class. We aimed to examine whether 
combination therapy of hypoglycemic agents with met-
formin showed antagonism, addition, or synergism com-
pared to monotherapy with hypoglycemic agents other 
than metformin.

Methods
Study design and data source
This retrospective cohort study used data of patients 
with T2DM (International Classification of Disease 
10th revision [ICD10]: E11-E14) purchased from medi-
cal institutions in Japan from April 2008 to May 2020 
in the Medical Data Vision Corporation (MDV, Tokyo, 
Japan) database. We evaluated eight types of non-insu-
lin anti-hyperglycemic agents (NAAs) with different 
mechanisms of action, which were classified into eight 
drug classes: metformin, DPP-4i, SU, thiazolidinedione 
(TZD), α-glucosidase inhibitor (α-GI), glinide, sodium-
glucose co-transporter-2 inhibitor (SGLT2i), and gluca-
gon like peptide-1 receptor (GLP-1Ra). Two cohorts were 
defined: a monotherapy cohort that was treated with a 
single agent other than metformin, and a combination 
therapy cohort that was treated with metformin followed 
by a hypoglycemic agent with a different mechanism of 
action was added after the treatment with metformin. 
The change from baseline in HbA1c was evaluated to 
compare the treatment effects between the two cohorts.

Study population
Data from patients prescribed NAAs were extracted, and 
the date of first prescription of NAAs was set as index 
date-1. According to a previous study, patients with a 
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look-back period of at least 180 days prior to index date-1 
were selected to target hypoglycemic drug-naïve patients 
with T2DM [17]. Patients with a single NAA prescribed 
on index date-1 were selected. If the NAA prescribed 
on index date-1 was a drug other than metformin, the 
patient was assigned to the monotherapy cohort and 
classified into a drug class according to the drug. The 
combination therapy cohort was defined as patients who 
were prescribed metformin at index date-1, followed by 
another NAA was added to metformin. For the combina-
tion therapy cohort, index date-2 was defined as the first 
prescription date of another NAA. Inclusion and exclu-
sion criteria are shown in Fig. 1.

Outcome measures
The primary endpoint was the change from baseline in 
HbA1c at 4  months (75 to 135  days) after index date-1 
for the monotherapy cohort, and at 4  months (75 to 
135 days) after index date-2 for the combination therapy 

cohort. We defined 0.4% as a clinically meaningful differ-
ence, as it is the generally accepted non-inferior margin 
value for changes in HbA1c among those with diabetes 
mellitus [18]. Furthermore, we defined a difference of  
the change from baseline in HbA1c from the combina-
tion therapy cohort relative to the monotherapy cohort 
within ± 0.4% as additive, ≥  + 0.4% as antagonistic, and  
≤ -0.4% as synergistic.

Statistical analysis
Index date
Index date for each cohort was defined index date-1 for 
the monotherapy cohort and index date-2 for the combi-
nation therapy added to metformin cohort.

Scatter plot of change from baseline in HbA1c by 4 months
The change from baseline in HbA1c by 4  months 
(135 days) from the index date of each cohort was plotted 
by cohort and drug class.

Fig. 1 Flow chart describing the extraction of target patients of both cohorts for the analysis in this study
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Mixed Model Repeated Measures (MMRM)
For primary endpoint analysis, the difference between 
the two cohorts by drug class was evaluated by the 
change from baseline in HbA1c from the index date 
to 4  months using MMRM. The change from baseline 
at 1  month (1–44  days), 2  months (45–74  days), and 
4 months (75–135 days) as time-point were included in 
MMRM. If the same patient had multiple HbA1c val-
ues within the same time-point, the HbA1c value on 
the latest test date within that time-point was used. 
The model included cohort, time-point, interaction 
between cohort and time-point, baseline HbA1c value, 
age category (≤ 64, 65–74, ≥ 75  years), sex, NAAs and 
dose amount as fixed effects, and the correlation struc-
ture of the first-order autoregressive model (AR(1)) 
was used within patient correlations from the desig-
nated time-point to 4 months. Missing at Random was 
assumed for the missing measurement mechanism, 
and analysis by MMRM was performed using only the 
measured data.

In addition to the analysis using the analysis popu-
lation (hereafter referred to as “unadjusted analysis”), 
two analyses using propensity score, which is an index 
that aggregates information on multiple confounding 
factors into a single value, were also performed.

Unadjusted analysis
The change from baseline in HbA1c to 4 months after 
the index date was evaluated using MMRM (refer to 
“Mixed Model Repeated Measures (MMRM)” section 
for the model) in the analysis population with unad-
justed propensity scores (unadjusted analysis).

Propensity Score Matching (PSM) analysis
We performed 1:1 matching without replacement 
(nearest-neighbor method using calipers of width 
equal to 0.2 of the standard deviation of the logit of 
the propensity score). Baseline HbA1c value, age cat-
egory, sex, NAAs and dose amount, complications pro-
file (hypertension, ischemic heart disease, myocardial 
infarction, heart failure, stroke, renal impairment and 
diabetic foot) [17], contraindications to metformin 
[renal impairment, severe hepatic impairment [19], 
heart failure, myocardial infarction and type 1 diabetes 
mellitus (T1DM)] and other indications except T2DM 
of each drug (T1DM) were used as covariates in the 
propensity score model. The change from baseline in 
HbA1c to 4 months after the index date was evaluated 
using MMRM (refer to “Mixed Model Repeated Meas-
ures (MMRM)” section for the model) for matched 
patients.

Inverse Probability Treatment Weighting (IPTW) analysis
IPTW was performed on the analysis population using 
MMRM (refer to “Mixed Model Repeated Measures 
(MMRM)” section for the model) of the change from 
baseline in HbA1c to 4 months after the index date. The 
inverse of the propensity score estimated from PSM 
was used to estimate the weight.

This analysis was performed using Python version 3.8.5 
with Anaconda 3 version 4.9.2 (Anaconda, Inc.), R ver-
sion 3.5.1, and SAS version 9.4 (SAS Institute, Cary, NC, 
USA).

Sensitivity analysis for those with ≥ 90 days between index 
date‑1 and index date‑2 in combination therapy cohort
For the combination therapy cohort, a subset of patients 
was defined as those with ≥ 90 days between index date-1 
and index date-2. The change from baseline in HbA1c to 
4 months after the index date was evaluated using MMRM 
(refer to “Mixed Model Repeated Measures (MMRM)” 
section for the model) in the subset.

Results
Study population
Patients who met the eligibility criteria for this study 
were identified and 13,359 patients were included in 
the monotherapy cohort and 1,064 in the combination 
cohort (Fig. 1).

Descriptive statistics for demographics and characteristics
The demographic and disease characteristics at the index 
date for each cohort are summarized by drug class in 
Table  1. DPP4i was the most prescribed drug class in 
both cohorts. In the combination therapy cohort, SGLT2i 
the next most common drug class. The baseline HbA1c 
values in the monotherapy cohort were highest for those 
prescribed GLP-1Ra. The number of patients was limited 
in the SU, TZD, α-GI, glinide and GLP-1Ra drug classes 
in the combination therapy cohort. Baseline HbA1c 
levels tended to be higher in the combination therapy 
cohort than in the monotherapy cohort. Age at the index 
date was lower in the combination therapy cohort than 
the monotherapy cohort. The incidence of ischemic heart 
disease, heart failure, and renal impairment tended to be 
lower in the combination therapy cohort than the mono-
therapy cohort.

Descriptive statistics for each drug and dose amount
The NAAs and dose amount of the drug classes are sum-
marized in Table S1. No significant bias was observed 
in the proportion of NAA or dose amount between the 
cohorts. Because the entry rules for the dose amount of 
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GLP-1Ra, which are injectable agents, differ depending 
on the hospital, it was not possible to identify the dose 
amount from the database.

Scatter plot of change from baseline in HbA1c by 4 months
The individual values and mean ± standard deviation 
of the change from baseline in HbA1c to 4 months for 
each cohort were plotted for each drug class (Fig.  2). 
In both cohorts, HbA1c values decreased over time 
after the first prescription date of NAAs, as well 
as the date of concomitant prescription with met-
formin and stabilized after 3–4  months. In the mon-
otherapy cohort, a remarkable hypoglycemic effect 
was observed especially with GLP-1Ra. The trend 
of change from baseline in HbA1c value according 
to drug class was generally similar between the two 
cohorts.

Unadjusted analysis
No clinically meaningful difference was observed between 
the two cohorts except for SU and GLP-1Ra (Fig. 3a). The 
results of the parameter estimates by MMRM are shown 
in Table S2.

PSM analysis
No clinically meaningful difference was observed between 
the two cohorts for except for GLP-1Ra (Fig. 3b).

IPTW analysis
In IPTW, no clinically meaningful difference was observed 
between the two cohorts except for GLP-1Ra (Fig. 3c).

Sensitivity analysis for those with ≥ 90 days between index 
date-1 and index date-2 in combination therapy cohort
Results of the sensitivity analysis are shown in Fig. S1. 
The number of patients in the combination therapy 

Fig. 2 Plot of change from baseline HbA1c for monotherapy cohort (a) and combination therapy cohort (b)
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Fig. 3 Plot of MMRM for difference of change from baseline HbA1c at four months between cohorts with unadjusted analysis (a), PSM-adjusted 
analysis (b), and IPTW-adjusted analysis (c)



Page 8 of 11Ono et al. BMC Pharmacology and Toxicology           (2023) 24:75 

cohort was further decreased (Table S3). The confidence 
interval of the difference between the two cohorts in the 
change from baseline in HbA1c was wider in the subset 
compared to the entire analysis population. The change 
from baseline in HbA1c of the combination therapy 
cohort in the subset tended to be lower than that in the 
entire analysis population.

Discussion
The MDV has approximately 29.8 million inpatient and 
outpatient records from approximately 400 hospitals that 
have accumulated since April 2008, covering approxi-
mately 22% of the Japanese population [10]. The database 
has several advantages. First, it contains a wealth of data 
on the elderly population. Second, it is more reliable than 
receipt data because it is collected to review the quality of 
medical care. Third, although data is limited to approxi-
mately 20% of the patients included in the database, 
information on common laboratory results is available.

At index date for each cohort, those prescribed GLP-
1Ra have the highest baseline HbA1c values. This indi-
cates that GLP-1Ra was prescribed as the first NAA 
in patients with significantly poor glycemic control. 
Moreover, baseline HbA1c levels tended to be higher 
in the combination therapy cohort than the monother-
apy cohort, suggesting that patients with poor glycemic 
control were often shifted to treatment with combina-
tion therapy with other classes of drugs. The lower age 
of the combination therapy cohort compared to the 
monotherapy cohort indicated that metformin should 
be used carefully in elderly patients [9]. The lower inci-
dence of ischemic heart disease, heart failure, and renal 
dysfunction in the combination therapy cohort compared 
to the monotherapy cohort indicated that these comor-
bidities are relevant to contraindications of metformin. 
For the factors that may be associated with the change 
from baseline in HbA1c values, the potential confound-
ing effect on the estimation of HbA1c changes was mini-
mized (adjusted) as covariates of MMRM and/or using 
propensity score. Besides, the immortal time bias seems 
to be decreased because the index date for the combi-
nation therapy cohort was defined as index date-2. On 
the other hand, the selection bias to define the index 
date for the combination therapy cohort as index date-2 
should be considered; however, the selection bias seems 
to be decreased by conducting PSM- and IPTW-adjusted 
analyses.

The direct linkage between drug and indication is una-
vailable based on the specification of the MDV database. 
Out of all NAAs in this study, a few NAAs have other 
indications except T2DM, such as, dapagliflozin propyl-
ene glycolate hydrate has other indications for chronic 
heart failure (approved date in Japan: 27 November 

2020), chronic kidney disease (CKD, approved date in 
Japan: 25 August 2021) and T1DM (approved date in 
Japan: 26 March 2019), empagliflozin has another indi-
cation for chronic heart failure (approved date in Japan: 
25 November 2021), and ipragliflozin L-proline has 
another indication for T1DM (approved date in Japan: 
21 December 2018). Considering the observation period 
of this study is from April 2008 to May 2020, dapagli-
flozin propylene glycolate hydrate and empagliflozin for 
the treatment of chronic heart failure, and dapagliflozin 
propylene glycolate hydrate for the treatment of CKD 
have not been applied during this study period. And it 
seems that the impact of usage for T1DM (dapagliflozin 
propylene glycolate hydrate and ipragliflozin L-proline) 
was minimal during this study period based on the tiny 
rate of T1DM. However, other indications except T2DM 
defined as T1DM for dapagliflozin propylene glycolate 
hydrate and ipragliflozin L-proline, and the covariate has 
been included in the PS model.

Due to the high prescription rates of DPP4i and SGLT2i 
in Japan [20], these drugs were considered to have suffi-
cient data in both cohorts for analysis. However, for SU, 
TZD, α-GI, glinide, and GLP-1Ra, the interpretation of 
the hypoglycemic effects was limited because the number 
of patients in the combination therapy cohort was too 
small to be analyzed. In addition, because only the sub-
cutaneous injection product was marketed for GLP-1Ra 
during the survey period, the number of patients suitable 
for analysis may have been limited.

Comparison of the prescribing proportion based on 
each NAA and dose amount within each drug class 
between both cohorts showed no major bias, indicating 
that no substantial difference was observed in the pre-
scription of other drug classes in combination therapy 
with metformin compared to monotherapy. Therefore, 
the difference in drug prescription between the two 
cohorts did not substantially affect the change in HbA1c 
in either cohort.

Regarding the bodyweight, the weight loss is known to 
reverse the underlying metabolic abnormalities of type 
2 diabetes and improve glucose control. In an analysis 
of randomized controlled trials after 2  years of follow-
up, the loss of 15% of bodyweight can result in diabe-
tes remission (ie, defined as HbA1c < 6.5% [< 48  mmol/
mol]) in most patients with early type 2 diabetes; how-
ever, the observed average weight loss is modest (ie, 1.4–
1.9 kg) in adults with type 2 diabetes over 6–12 months 
of treatment [21]. On the other hand, a meta-analysis 
after 4 months of follow-up reported that body weight at 
the start of medication did not affect the improvement 
effect of HbA1c in any drug class [22]. Although the data 
on body size at the index date were not included in the 
database and hence were not used for this analysis, it is 
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likely that bodyweight had little influence on the change 
from baseline in HbA1c, considering the observation 
period for this study was 4 months from the index date 
which is a short period for evaluating the effect on loss of 
bodyweight.

In both cohorts, the change from baseline in HbA1c 
values decreased over time after the first prescription 
date of NAAs and the date of concomitant prescription 
with metformin, and the change from baseline in HbA1c 
values stabilized after three to four months. The Guide-
line for Clinical Evaluation of Oral Hypoglycemic Agents 
in Japan requires at least 12 weeks as the study duration 
for HbA1c [23], and clinically valid changes in HbA1c 
were observed from the data in the medical informa-
tion database. A comparison of the change from baseline 
in HbA1c between the two cohorts for each drug class 
showed that the change in HbA1c in the combination 
therapy cohort was similar to that in the monotherapy 
cohort. However, greater variability was observed in 
the combination therapy cohort than the monotherapy 
cohort.

The hypoglycemic effects were available for DPP-4i, SU, 
TZD, and α-GI at 12 weeks post-dose in previous stud-
ies and were comparable to the results the monotherapy 
cohort in of this study [24]. In addition, comparing the 
hypoglycemic effects of DPP-4i, SU, TZD, α-GI, glin-
ide, and GLP-1Ra from previous studies were compared 
with those of the combination therapy cohort. However, 
results of our study varied slightly from those of previous 
studies [12, 15]. This discrepancy could be due to differ-
ences in patient backgrounds, as the previous study was 
a randomized controlled trial conducted in a popula-
tion with limited patient background, whereas this study 
was based on real-world data obtained in a more general 
patient population.

MMRM was used to evaluate the change from baseline 
in HbA1c between the two cohorts. Because this was an 
observational study that was not randomized between the 
cohorts, various confounding factors may have prevented 
the accurate estimation of treatment effects. Therefore, 
in addition to the unadjusted analysis using the analy-
sis population, PSM- and IPTW-adjusted analyses using 
the propensity score were also performed to control for 
confounding bias and ensure comparability between the 
cohorts. For DPP4i and SGLT2i, no clinically significant 
difference was observed between the two cohorts in any 
of the analyses (unadjusted, PSM-adjusted, and IPTW-
adjusted). This suggests that DPP4i and SGLT2i pro-
vided additive effects in relation to HbA1c lowering when 
added to treatment with metformin. On the other hand, 
the interpretation of hypoglycemic effects was limited for 
SU, TZD, α-GI, glinide, and GLP-1Ra owing to the small 

number of patients in the combination therapy cohort. 
However, for TZD, α-GI, and glinide, no clinically sub-
stantial difference was observed between the two cohorts 
in either analysis.

For SU, the difference in the direction of synergism 
was observed only in the unadjusted analysis, however 
no clinically substantial difference was observed in the 
PSM- and IPTW-adjusted analyses adjusted by propen-
sity score. In terms of GLP-1Ra, a notable difference was 
observed between both cohorts in either analysis; how-
ever, the mean absolute value of HbA1c at 4 months was 
6.7% for the monotherapy cohort and 6.9% for the com-
bination therapy cohort, showing favorable glycemic 
control (Table S4). For MMRM, the relationship between 
the change from baseline in HbA1c and the HbA1c base-
line value was assumed to be linear. However, a further 
reduction in blood glucose levels was unlikely to occur 
near favorable HbA1c values, and the baseline HbA1c 
value was lower in the combination therapy cohort (8.3%) 
than in the monotherapy cohort (8.8%), which may have 
contributed to the marked difference in the change from 
baseline in HbA1c between both cohorts for the unad-
justed analysis. Therefore, PSM- and IPTW-adjusted 
analyses using the propensity score were also performed 
to control for confounding bias and ensure comparability 
between the cohorts, however due to the small number 
of patients prescribed GLP-1Ra, each covariate including 
baseline in HbA1c may not have been completely bal-
anced between both cohorts. A model analysis for such 
potential non-linearity in the change from baseline in 
HbA1c would be a subject for future studies.

In the sensitivity analysis of the subset of patients from 
the combination therapy cohort with ≥ 90  days between 
index date-1 and index date-2, the change from baseline 
in HbA1c values was evaluated. No clinically significant 
difference was observed for DPP4i and SGLT2i between 
the two cohorts in either analysis (unadjusted, PSM-
adjusted, and IPTW-adjusted), similar to the results of 
the entire analysis population. This sensitivity analysis 
showed consistent results to those obtained in the entire 
analysis population, supporting that DPP4i and SGLT2i 
provided additive effects in relation to HbA1c lowering 
when added to treatment with metformin. However, the 
interpretation of the hypoglycemic effects of SU, TZD, 
α-GI, glinide, and GLP-1Ra is limited because of the 
extremely small number of patients in the subset in the 
combination therapy cohort.

By comparing the entire analysis population and with 
the sensitivity analysis using the subset, the difference 
between the two cohorts in the change from baseline in 
HbA1c values tended to be slightly positive (in the direc-
tion of antagonism) in the sensitivity analysis for most 
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drugs. This result indicates that the hypoglycemic effect 
of metformin may be carried over if the duration between 
the first date of metformin prescription and the date of 
concomitant prescription of another NAA was < 90 days. 
However, the sensitivity analysis also showed no clinically 
significant difference between the cohorts for DPP4i and 
SGLT2i.

This study had several limitations. First, the medical 
data used in this study has the disadvantage that it is not 
traceable if the patients were transferred to other hospitals 
[10], and diagnoses and treatments performed at other 
hospitals were not recorded. Second, the small number of 
patients prescribed SU, TZD, α-GI, glinide, or GLP-1Ra 
drug classes in the combination therapy cohort limited 
the interpretation of the results. However, the number 
of patients prescribed DPP-4i or SGLT2i drug classes in 
the combination therapy cohort was sufficient for inter-
pretation. In addition, selection bias requires considera-
tion because only a limited number of hospital laboratory 
values were included in the study. Although confounding 
adjustment was performed using propensity scores for 
factors considered related to changes in HbA1c, all nec-
essary factors may not have been adjusted (e.g., duration 
of diabetes, history of hypoglycemia unawareness) due to 
the limited information available in the database.

Conclusions
In conclusion, the degree of pharmacodynamic interac-
tion of metformin with other hypoglycemic agents was 
comprehensively evaluated for each drug class using indi-
vidual patient data obtained from the medical informa-
tion database. According to the results of this study, the 
effect of DPP4i or SGLT2i added to metformin seems 
to be additive with respect to the reduction in HbA1c. 
Therefore, it is possible to infer what degree of hypogly-
cemic effect can be expected when DPP4i or SGLT2i is 
added to metformin, using public information such as 
clinical trial results of a drug that is classified as DPP4i 
or SGLT2i.

Abbreviations
α-GI  α-Glucosidase inhibitor
DPP-4i  Dipeptidyl peptidase-4 inhibitor
GLP-1Ra  Glucagon like peptide-1 receptor
HbA1c  Hemoglobin  A1c
ICD10  International Classification of Disease  10th revision
IPTW  Inverse probability treatment weighting
MDV  Medical Data Vision Corporation
MMRM  Mixed model repeated measures
NAAs  Non-insulin anti-hyperglycemic agents
PSM  Propensity score matching
SGLT2i  Sodium-glucose co-transporter-2 inhibitor
SU  Sulfonylurea
T2DM  Type 2 diabetes mellitus
TZD  Thiazolidinedione

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s40360- 023- 00716-4.

Additional file 1: Table S1. Descriptive statistics for each drug and dose 
amount at index date in each cohort. Table S2. Summary of parameter 
estimates in MMRM with unadjusted analysis. Table S3. Baseline character-
istics in each cohort: sensitivity analysis for ≥90 days between index date-1 
and index date-2 in combination therapy cohort. Table S4. Descriptive 
summary of observed HbA1c value at 4 months with unadjusted popula-
tion who had HbA1c value at 4 months. Figure S1. Plot of MMRM for 
difference of change from baseline in HbA1c at 4 months between cohorts 
with unadjusted analysis (a), PSM-adjusted analysis (b) and IPTW-adjusted 
analysis (c): Sensitivity analysis for patients with ≥90 days between index 
date-1 and index date-2 in combination therapy cohort.

Acknowledgements
The study was supported by Nihon University Multidisciplinary Research Grant 
for 2020.

Authors’ contributions
RO designed the study design, analyzed, interpretated the data, and drafted 
the manuscript. CO assisted in the study design. CH provided clinical inputs 
and provided critical revision for the manuscript. HT supervised the manu-
script. YM supervised the manuscript. YT assisted in the study design and 
provided clinical inputs for the manuscript. All authors have approved the final 
submitted manuscript.

Funding
The study was supported by Nihon University Multidisciplinary Research Grant 
for 2020.

Availability of data and materials
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Laboratory of Clinical Pharmacometrics, School of Pharmacy, Nihon 
University, 7-7-1 Narashinodai, Funabashi, Chiba 274-8555, Japan. 2 Clinical 
Pharmacology and Bioanalytics, Pfizer R&D Japan, 3-22-7 Yoyogi, Shibuya-Ku, 
Tokyo 151-8589, Japan. 3 Department of Medical Pharmaceutics, Graduate 
School of Medical and Pharmaceutical Sciences for Research, University of Toy-
ama, 2630 Sugitani, Toyama City 930-0194, Japan. 

Received: 16 May 2023   Accepted: 28 November 2023

References
 1. Hu FB. Globalization of diabetes: the role of diet, lifestyle, and genes. 

Diabetes Care. 2011;34(6):1249–57.
 2. Cho NH, Shaw JE, Karuranga S, et al. IDF Diabetes Atlas: global estimates 

of diabetes prevalence for 2017 and projections for 2045. Diabetes Res 
Clin Pract. 2018;138:271–81.

https://doi.org/10.1186/s40360-023-00716-4
https://doi.org/10.1186/s40360-023-00716-4


Page 11 of 11Ono et al. BMC Pharmacology and Toxicology           (2023) 24:75  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 3. Zheng Y, Ley SH, Hu FB. Global aetiology and epidemiology of 
type 2 diabetes mellitus and its complications. Nat Rev Endocrinol. 
2018;14(2):88–98.

 4. Ministry of Health Labour and Welfare. The National Health and Nutrition 
survey in Japan, 2019. 2020. Available: https:// www. mhlw. go. jp/ conte nt/ 
00106 6903. pdf. In Japanese. Accessed 11  Nov 2023.

 5. Stratton IM, Adler AI, Neil HA, et al. Association of glycaemia with macro-
vascular and microvascular complications of type 2 diabetes (UKPDS 35): 
prospective observational study. BMJ. 2000;321(7258):405–12.

 6. Davies MJ, D’Alessio DA, Fradkin J, et al. Management of hyperglycemia 
in type 2 diabetes, 2018. A consensus report by the American Diabetes 
Association (ADA) and the European Association for the Study of Diabe-
tes (EASD). Diabetes Care. 2018;41(12):2669–701.

 7. Davies MJ, Aroda VR, Collins BS, et al. Management of hyperglycemia 
in type 2 diabetes, 2022. A consensus report by the American Diabetes 
Association (ADA) and the European Association for the Study of Diabe-
tes (EASD). Diabetes Care. 2022;45(11):2753–86.

 8. ElSayed NA, Aleppo G, Aroda VR, et al. 9. Pharmacologic approaches to 
glycemic treatment: standards of care in diabetes-2023. Diabetes Care. 
2023;46(Suppl 1):140-S157.

 9. Araki E, Goto A, Kondo T, et al. Japanese clinical practice guideline for 
diabetes 2019. Diabetol Int. 2020;11(3):165–223.

 10. Kohsaka S, Morita N, Okami S, et al. Current trends in diabetes mellitus 
database research in Japan. Diabetes Obes Metab. 2021;23(Suppl 2):3–18.

 11. Matthews DR, Paldánius PM, Proot P, et al. Glycaemic durability of an 
early combination therapy with vildagliptin and metformin versus 
sequential metformin monotherapy in newly diagnosed type 2 diabetes 
(VERIFY): a 5-year, multicentre, randomised, double-blind trial. Lancet. 
2019;394(10208):1519–29.

 12. Phung OJ, Scholle JM, Talwar M, et al. Effect of noninsulin antidiabetic 
drugs added to metformin therapy on glycemic control, weight gain, and 
hypoglycemia in type 2 diabetes. JAMA. 2010;303(14):1410–8.

 13. Maruthur NM, Tseng E, Hutfless S, et al. Diabetes medications as 
monotherapy or metformin-based combination therapy for type 2 
diabetes: a systematic review and meta-analysis. Ann Intern Med. 
2016;164(11):740–51.

 14. DeFronzo RA, Goodman AM. Efficacy of metformin in patients with non-
insulin-dependent diabetes mellitus. The Multicenter Metformin Study 
Group. N Engl J Med. 1995;333(9):541–9.

 15. Monami M, Lamanna C, Marchionni N, et al. Comparison of different 
drugs as add-on treatments to metformin in type 2 diabetes: a meta-
analysis. Diabetes Res Clin Pract. 2008;79(2):196–203.

 16. Nathan DM, Buse JB, Davidson MB, et al. Medical management of hyper-
glycemia in type 2 diabetes: a consensus algorithm for the initiation and 
adjustment of therapy: a consensus statement of the American Diabetes 
Association and the European Association for the Study of Diabetes. 
Diabetes Care. 2009;32(1):193–203.

 17. Kadowaki T, Sarai N, Hirakawa T, et al. Persistence of oral antidiabetic 
treatment for type 2 diabetes characterized by drug class, patient charac-
teristics and severity of renal impairment: a Japanese database analysis. 
Diabetes Obes Metab. 2018;20(12):2830–9.

 18. Food and Drug Administration. Guidance for industry diabetes mellitus: 
developing drugs and therapeutic biologics for treatment and preven-
tion. 2008.

 19. Ministry of Health Labour and Welfare. Liver cancer/severe liver cirrhosis 
treatment research promotion project implementation guide. 2018. 
Available: https:// www. mhlw. go. jp/ bunya/ kenkou/ kekka ku- kanse nshou 
09/ pdf/ hourei- 180712- 1. pdf.  In Japanese. Accessed 11 Nov 2023.

 20. Bouchi R, Sugiyama T, Goto A, et al. Retrospective nationwide study on 
the trends in first-line antidiabetic medication for patients with type 2 
diabetes in Japan. J Diabetes Investig. 2022;13(2):280–91.

 21. Lingvay I, et al. Obesity management as a primary treatment goal 
for type 2 diabetes: time to reframe the conversation. Lancet. 
2022;399(10322):394–405.

 22. Cai X, Yang W, Gao X, et al. Baseline body mass index and the efficacy of 
hypoglycemic treatment in type 2 diabetes: a meta-analysis. PLoS One. 
2016;11(12):e0166625.

 23. Ministry of Health Labour and Welfare. Guideline for clinical evaluation of 
oral hypoglycemic agents. 2010.

 24. Sherifali D, Nerenberg K, Pullenayegum E, et al. The effect of oral anti-
diabetic agents on A1C levels: a systematic review and meta-analysis. 
Diabetes Care. 2010;33(8):1859–64.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://www.mhlw.go.jp/content/001066903.pdf
https://www.mhlw.go.jp/content/001066903.pdf
https://www.mhlw.go.jp/bunya/kenkou/kekkaku-kansenshou09/pdf/hourei-180712-1.pdf
https://www.mhlw.go.jp/bunya/kenkou/kekkaku-kansenshou09/pdf/hourei-180712-1.pdf

	Comparison of the efficacy of anti-diabetic medications as add-on to metformin in type 2 diabetes mellitus from a real-world database
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study design and data source
	Study population
	Outcome measures
	Statistical analysis
	Index date
	Scatter plot of change from baseline in HbA1c by 4 months
	Mixed Model Repeated Measures (MMRM)
	Unadjusted analysis
	Propensity Score Matching (PSM) analysis
	Inverse Probability Treatment Weighting (IPTW) analysis
	Sensitivity analysis for those with ≥ 90 days between index date-1 and index date-2 in combination therapy cohort


	Results
	Study population
	Descriptive statistics for demographics and characteristics
	Descriptive statistics for each drug and dose amount
	Scatter plot of change from baseline in HbA1c by 4 months
	Unadjusted analysis
	PSM analysis
	IPTW analysis
	Sensitivity analysis for those with ≥ 90 days between index date-1 and index date-2 in combination therapy cohort

	Discussion
	Conclusions
	Anchor 31
	Acknowledgements
	References


