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Abstract

Objective

Metformin use is restricted in patients with renal impairment due to potential excess sys-

temic accumulation. This study evaluated the glycemic effects and safety of metformin

delayed-release (Metformin DR), which targets metformin delivery to the ileum to leverage

its gut-based mechanisms of action while minimizing systemic exposure.

Research designs andmethods

Participants (T2DM [HbA1c 7–10.5%], eGFR�60 mL/min/1.73m2, not taking metformin for

�2 months) were randomized to QD placebo (PBO); QDMetformin DR 600, 900, 1200, or

1500 mg; or to single-blind BID Metformin immediate-release (IR) 1000 mg. The primary

endpoint was change in HbA1c for Metformin DR vs. PBO at 16 weeks in the modified

intent-to-treat (mITT) population (� 1 post-baseline HbA1c while on study drug), using a

mixed-effects repeated measures model.

Results

571 subjects were randomized (56 years, 53%male, 80% white; BMI 32.2±5.5 kg/m2;

HbA1c 8.6±0.9%; 51%metformin naive); 542 were in the mITT population. Metformin DR

1200 and 1500 mg significantly reduced HbA1c (-0.49±0.13% and -0.62±0.12%, respec-

tively, vs. PBO -0.06±0.13%; p<0.05) and FPG (Caverage Weeks 4–16: -22.3±4.2 mg/dL and

-25.1±4.1 mg/dL, respectively vs. -2.5±4.2 mg/dL p<0.05). Metformin IR elicited greater

HbA1c improvement (-1.10±0.13%; p<0.01 vs. Placebo and all doses of Metformin DR) but
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with ~3-fold greater plasma metformin exposure. Normalizing efficacy to systemic exposure,

glycemic improvements with Metformin DR were 1.5-fold (HbA1c) and 2.1-fold (FPG)

greater than Metformin IR. Adverse events were primarily gastrointestinal but these were

less frequent with Metformin DR (<16% incidence) vs. Metformin IR (28%), particularly nau-

sea (1–3% vs 10%).

Conclusion

Metformin DR exhibited greater efficacy per unit plasma exposure than Metformin IR. Future

studies will evaluate the effects of Metformin DR in patients with type 2 diabetes and

advanced renal disease.

Trial registration

Clinicaltrials.gov NCT02526524.

Introduction

Metformin is a first-line treatment for T2DM that has been used for over 60 years. Upon inges-

tion, approximately 50% of metformin is absorbed primarily from the duodenum and jejunum

[1–4], and systemically-available metformin is renally excreted unchanged [1]. Metformin elic-

its concentration-dependent impairment of oxidative phosphorylation, which can increase lac-

tate via both increased production and reduced clearance (conversion of lactate to pyruvate)

[5, 6]. Most patients can adequately clear clinically-relevant doses of metformin to avoid sub-

stantial systemic accumulation. However, in instances of overdose [7] or when metformin is

not adequately cleared, excessive metformin accumulation in the plasma and liver increases

the risk of metformin-associated lactic acidosis (MALA), a rare (<0.1/1000 patient-years) but

often fatal condition [5, 8–11]. Most cases of metformin accumulation are insufficient to cause

MALA on their own, but its direct and independent effects on oxidative metabolism renders

patients more susceptible to lactic acidosis in the event of an intercurrent illness or injury that

also increases lactate production and/or disrupts lactate clearance (e.g., dehydration, sepsis,

cirrhosis, hypoperfusion, acute kidney injury)[10–14]. As these intercurrent events are typi-

cally not predictable, metformin accumulation in moderate to severe renal impairment should

be avoided and concerns over metformin accumulation have led to contraindication in

patients with chronic kidney disease (CKD) Stage 4, and recommendation/labeling to use with

caution and at reduced dose in CKD Stage 3B [8, 15, 16].

Restriction of metformin use in the CKD 3B/4 population is particularly problematic

because most alternative agents that do not increase the risk of hypoglycemia are restricted or

have modest efficacy in this population [17–19]. In particular, DPP4is, are less efficacious in

the absence of metformin [17] and sodium-glucose co-transporter 2 inhibitors (SGLT2is) are

poor to ineffective at glucose lowering in advanced renal disease [18, 20] and may pose a risk

of acute renal failure. As such, increased use of hypoglycemia-inducing agents (insulin, sulfo-

nylureas) is common in this population. Treatment with these agents is complicated by the

fact that renal disease is an independent risk factor for hypoglycemia through several mecha-

nisms including decreased renal insulin clearance and reduced renal glucose production dur-

ing counterregulation [21–23]. Furthermore, hypoglycemia is of particular concern in patients
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with advanced renal disease, as it leads to greater risk of declining renal function, stroke, and

excessive mortality [22, 24–26].

While current metformin formulations target systemic delivery of metformin, it is now

understood that metformin also accumulates in the intestinal mucosa throughout the length of

the gut [3, 4, 27–31], and that much of the glucose-lowering effect of metformin is mediated

via actions in the gut [32–36]. Putative gut-based mechanisms include direct and indirect

enhanced secretion of glucagon-like peptide-1 (GLP-1) and peptide YY (PYY) from the intes-

tinal L-cell, via alterations in the gut bile acid pool, microbiome products, and effects on

hepatic glucose production via intestinal vagal afferents [32, 33, 37, 38]. A delayed-release for-

mulation of metformin (Metformin DR) is being developed to leverage the gut-based mecha-

nisms of action of metformin and address the unmet medical need for metformin use in the

advanced CKD population. To that end, Metformin DR is designed to dissolve in the distal

small intestine where absorption is poor, thus dramatically limiting plasma exposure while

retaining much of the glycemic efficacy observed with current formulations of metformin

[34].

This Phase 2 study investigated the glycemic effects of a range of QDMetformin DR doses

compared with placebo over 16 weeks in patients with T2DM who were metformin naïve or

had discontinued metformin for at least 60 days. A single-blind reference arm of maximally

effective (2000 mg) Metformin IR was also included.

Materials andmethods

Study design

This randomized, Phase 2, parallel-group, multicenter, placebo-controlled study of double-

blind placebo or 4 doses of Metformin DR (600, 900, 1200, and 1500 mg), and single-blind

Metformin IR (2000 mg), included a 2-week lead-in period and a 16-week treatment period

(S1 Fig). During the single-blind lead-in period, subjects received placebo once daily at the

beginning of the morning meal (qAM) in order to assess subject compliance prior to randomi-

zation. Study participants were then assigned to 1 of 6 treatment arms in equal ratio using a

centrally generated computer-based randomization scheme; randomization was stratified and

conducted in blocks using screening HbA1c (<8.5% or�8.5%). Subjects randomized to Met-

formin IR were not informed of their treatment, but because Metformin IR was dosed BID

study staff were not blinded to the treatment assignment and this treatment arm should be

considered a reference arm.

The study consisted of a Screening Visit, a Lead-in Visit, and 7 treatment visits (Day 1

throughWeek 16). If previously taking metformin, subjects washed out of metformin therapy

for 2 months following a preliminary washout screening. Subjects meeting all eligibility criteria

initiated the 2-week placebo lead-in period at the Lead-in Visit (Week -2). Randomized study

medication was inititated at Day 1 and continued through Week 16. Randomization was con-

ducted centrally via an interactive web response system (IWRS) within each screening HbA1c

stratum (<8.5% or�8.5%) using a computer-generated, list-based scheme. The study-site

pharmacist or other medically qualified personnel contacted IWRS to randomize subjects and

receive blinded study medication kit assignments. Subjects randomized to the single-blind

(study sites were aware of this treatment assignment, but this information was not actively dis-

closed to the subjects) Metformin IR treatment arm initiated medication with 1000 mg qAM,

and increased dosage to 1000 mg BID from Day 8 through study end. Metformin DR and Pla-

cebo were administered qAM with no titration. Visits occurred at Weeks 4, 8, 12, and 16 fol-

lowing an overnight fast; visits at Weeks 2 and 6 occured at least 4 hours after subjects

administered the morning dose of study medication for pharmacokinetic (PK) sampling.

Efficacy and safety of Metformin DR over 16 weeks
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Subjects with an FPG or HbA1c value greater than a prespecified threshold (�270 mg/dL

fromWeek 4 through 8, or�240 mg/dL after Week 8; HbA1c increase of>1.5% from base-

line; HbA1c>11.0%) had the test repeated within 3 to 7 days. If the results from both tests

exceeded the threshold, the subject was monitored and could be rescued with non-metformin

antidiabetic therapy according to Investigator judgment.

Metformin DR tablets were produced according to current Good Manufacturing Practices

and comprised an immediate-release metformin hydrochloride core overlaid with a proprie-

tary enteric coat to delay disintegration and dissolution until pH 6.5. The Metformin IR treat-

ment was commercially-available Glucophage1 (Bristol-Myers Squibb; Princeton, NJ).

The study protocol was conducted in accordance with Good Clinical Practice and approved

by the institutional review board/ethics committee of the participating centers. All but three of

the study sites conducted the study under the oversight of Copernicus Group Institutional

Review Board (Research Triangle Park, NC, USA) with the remaining three operating under

their respective local review boards. All participants provided written informed consent prior

to enrollment.

Eligibility criteria

Subjects were males and non-pregnant females, at least 25 years of age, with T2DM (HbA1c

7.0% to 10.5%) and an estimated glomerular filtration rate (eGFR) of�60 mL/min/1.73 m2

who were not taking metformin for at least 2 months. Stable doses of a concomitant thiazolidi-

nedione, sulfonylurea, dipeptidyl peptidase-4 inhibitor (DPP4i), and alpha glucosidase inhibitor

were allowed. Inclusion / Exclusion criteria are listed in the Supplementary Material (S1 File).

Analysis populations

The ITT Population, used for safety analyses, consists of subjects randomized on Day 1 who

received at least one dose of randomized study medication. The mITT Population consists of

ITT subjects with at least one post-baseline value for HbA1c that was collected no more than 1

week after discontinuing study medication and prior to taking a new anti-diabetic concomi-

tant medication that could reasonably be expected to influence subsequent glycemic data, and

was the primary analysis population for efficacy endpoints. The Evaluable Population included

subjects who completed the study without any major protocol deviations and was used in sup-

portive analyses.

Study endpoints

The primary endpoint was change in HbA1c from baseline at Week 16 in the mITT popula-

tion. Additional endpoints included changes in HbA1c at timepoints prior to Week 16, change

in FPG, fasting plasma metformin concentrations, and percent change in body weight. Change

in FPG was analyzed using the pharmacodynamic parameter, Caverage, to provide an integrated

value of glucose-lowering throughout the duration of the trial and was calculated for each sub-

ject as the area under the curve of the changes in FPG over Weeks 4 to 16 divided by the time

on study medication.

Secondary endpoints also included assessments of treatment-emergent adverse events

(TEAEs), coded and categorized per the MedDRA coding dictionary.

Population PKmodeling

Metformin exposure (AUC0-24h) was estimated from samples obtained in this study using a

Population PK model developed to characterize the absorption and disposition of metformin.

Efficacy and safety of Metformin DR over 16 weeks
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The population PK model was developed using a dataset that included 5,854 plasma and 762

urine observations from 108 subjects with varying degrees of renal impairment from prior

studies of Metformin DR who received orally administered single or multiple doses of metfor-

min given as Metformin IR, Metformin extended-release (XR), or Metformin DR. [39]

Statistical analysis

The primary analysis of the primary efficacy endpoint (change in HbA1c from baseline at

Week 16) used a mixed model with repeated measures (MMRM) that included fixed class

effects for treatment, time, treatment-by-time interaction, and baseline HbA1c as a covariate.

For the primary analysis, missing data was not imputed in the MMRMmodel. Dose response

analyses were conducted using a general linear model with a linear contrast that accounted for

sample size and dose level for each ascending dose [40].

Study power was calculated based on detecting a statistically significant difference for at

least one Metformin DR treatment versus Placebo. The assumptions for the calculation

included a two-sided α = 0.05, 90% power, a two sample t-test with a common standard devia-

tion of 1.195% and a true HbA1c difference between treatments of -0.6%. Using these assump-

tions, the number of subjects to be randomized was 92 per treatment in order to get

approximately 85 subjects with at least one post-baseline HbA1c value. Supportive analyses

were conducted in the mITT and ITT Populations using the last observation carried forward

(LOCF) and in the Evaluable Population using observed data. No adjustments for multiplicity

were made in testing the primary hypotheses or in testing secondary and additional endpoints.

The secondary and additional endpoints, including change in FPG values, plasma fasting

metformin concentrations, and percent change in body weight, were analyzed in the same

manner as described for the primary efficacy endpoint. Each model also included the baseline

value that corresponds to the particular dependent variable as a covariate. Analyses of dichoto-

mous endpoints employed a logistic regression model adjusting for baseline HbA1c to com-

pare the probability of achieving the dependent variable of interest using similar censoring

and imputation methods as for the primary analysis.

A time to event analysis was conducted using the System Organ Class for gastrointestinal

TEAEs in the ITT Population. The time to the first event was analyzed using a Cox propor-

tional hazards regression model with treatment as a factor.

All statistical analyses were conducted using SAS1 version 9.3.

The full study protocol is provided in the Supplemental Material (S2 File).

Results

All of the 571 participants who were randomized at 118 US sites were included in the ITT pop-

ulation, 542 subjects were included in the mITT Population, and 403 subjects were included in

the Evaluable Population (Fig 1). The first study visit occurred on 02 September 2015 and last

study visit occurred on 22 September 2016. Demographic and baseline characteristics were

similarly distributed across treatments (Table 1). Most subjects were White (80%), 43% were

Hispanic or Latino, and 53% were male. Mean age was 56 years, mean body weight was 91 kg,

and mean BMI was 32 kg/m2 at baseline. Mean screening HbA1c was 8.6%, and 52% of sub-

jects had an HbA1c�8.5%. Mean fasting glucose at baseline was 204.5 mg/dL. Mean duration

of T2DM was 7.9 years.

Among randomized subjects, 48.5% washed out of metformin (mean dose of metformin

prior to washout: 1,622±516 mg/day [range across treatments of approximately 1500–1700

mg/day]). The majority of subjects who had prior recent metformin use had been using Met-

formin IR (n = 235; 85%). A total of 218 (38.2%) subjects continued using allowed prior

Efficacy and safety of Metformin DR over 16 weeks
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concomitant diabetes medication(s) during the study. The most common prior concomitant

diabetes medications were sulfonylureas (34.5%; range across treatments 26.6–41.1%) and

DPP4is (7.2%; range across treatments 5.2–10.6%). Other prior concomitant diabetes medica-

tions were used by few subjects overall (thiazolidinediones 2.8%, alpha glucosidase inhibitors

0.1%).

Metformin exposure

Plasma metformin samples were obtained at trough (Weeks 4, 8, 12, and 16) and at�4 hours

post-dose (Weeks 2 and 6). Fig 2A presents median trough plasma metformin concentrations

for the mITT Population, which were markedly lower with Metformin DR than with Met-

formin IR. Population PK modeling (ITT Population) estimated 24-hour exposure (based on

fasting and post-dose sampling) to be�37% of Metformin IR for all Metformin DR doses

(Fig 2B).

Glycemic control

HbA1c. For subjects in the ITT Population requiring washout of previous metformin

treatment, the mean±SD HbA1c before washout was 7.9±0.9% (range 7.7±1.0% to 8.1±0.9%

across treatment groups), and was 8.7±0.9% at baseline (range: 8.5±0.9% to 9.0±1.0%). For

subjects not on metformin at enrollment, the baseline HbA1c was 8.6±0.9% (range 8.4±0.9%

Fig 1. Study flow diagram.

https://doi.org/10.1371/journal.pone.0203946.g001
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to 8.7±0.7%). The mean±SD baseline HbA1c across all treatment arms (ITT or mITT Popula-

tion) was 8.6±1.0%.

Metformin DR elicited a significant dose response in HbA1c (p = 0.0011), with statistically

significant reductions at Week 16 of -0.49±0.13% (1200 mg) and -0.62±0.12% (1500 mg) vs.

-0.06±0.13% (Placebo; Fig 2C). Effects were seen as early as Week 4 for 900, 1200, and 1500

mg (S2 Fig). Statistically significant HbA1c reductions vs. Placebo were observed at each time

point throughWeek 16. Metformin DR 900 mg elicited significantly greater reductions than

Table 1. Subject demographics.

Placebo
(N = 96)

600 mg Met DR
(N = 94)

900 mg Met DR
(N = 95)

1200 mg Met DR
(N = 96)

1500 mg Met DR
(N = 96)

2000 mg Met IR
(N = 94)

All Subjects
(N = 571)

Age (y)

Mean (SD) 57 (11) 56 (10) 55 (10) 55 (11) 55 (9) 57 (11) 56 (11)

Sex, (%)

Female / Male 55 / 45 49 / 51 40 / 60 47 / 53 44 / 56 48 / 52 47 / 53

Race [1], n (%)

American Indian or Alaska Native 0 2 (2) 0 0 0 2 (2) 4 (1)

Asian 5 (5) 4 (4) 6 (6) 3 (3) 3 (3) 2 (2) 23 (4)

Black or African American 17 (18) 14 (15) 7 (7) 23 (24) 19 (20) 8 (9) 88 (15)

Native Hawaiian or Other Pacific
Islander

1 (1) 0 0 0 1 (1) 0 2 (<1)

White 72 (75) 76 (81) 82 (86) 70 (73) 73 (76) 83 (88) 456 (80)

Other 1 (1) 0 0 0 0 0 1 (<1)

Ethnicity, n (%)

Hispanic or Latino 37 (39) 36 (38) 44 (46) 41 (43) 42 (44) 45 (48) 245 (43)

Body Weight (kg)

Mean (SD) 86 (17) 94 (20) 89 (18) 93 (21) 95 (22) 89 (21) 91 (20)

BMI (kg/m2)

Mean (SD) 31 (5) 33 (5) 32 (6) 32 (6) 33 (6) 32 (5) 32 (5)

HbA1c (%)

Mean (SD) 8.6 (0.9) 8.6 (0.9) 8.7 (0.8) 8.7 (0.9) 8.6 (0.9) 8.6 (0.9) 8.6 (0.9)

HbA1c Stratum, n (%)

<8.5% 45 (47) 45 (48) 45 (47) 46 (48) 46 (48) 45 (48) 272 (48)

�8.5% 51 (53) 49 (52) 50 (53) 50 (52) 50 (52) 49 (52) 299 (52)

FPG Concentration (mg/dL)

Mean (SD) 204 (57) 204 (58) 202 (45) 205 (59) 212 (54) 200 (50) 205 (54)

Duration of T2DM at Screening (y)

Mean (SD) 8.3 (7.0) 6.6 (5.2) 8.8 (8.0) 7.3 (6.3) 7.6 (6.0) 8.6 (7.1) 7.9 (6.7)

eGFR (mL/min/1.73m2)

Mean (SD) 96.4 (27.4) 94.4 (19.1) 94.5 (22.8) 96.2 (24.5) 95.9 (22.8) 96.2 (22.4) 95.6 (23.2)

eGFR Subgroup, n (%)

<90 mL/min/1.73m2 42 (44) 42 (45) 46 (48) 36 (38) 42 (44) 43 (46) 251 (44)

�90 mL/min/1.73m2 54 (56) 52 (55) 49 (52) 60 (63) 54 (56) 51 (54) 320 (56)

Metformin Dose Prior to Washout (mg/d)

Mean (SD) 1689
(515)

1693 (475) 1698 (523) 1493 (550) 1485 (535) 1660 (472) 1622 (516)

Abbreviations: DR = Delayed-release; eGFR = Estimated glomerular filtration rate; FPG = Fasting plasma glucose; HbA1c = Hemoglobin-specific A1c fraction;

IR = Immediate-release; Met = Metformin; T2DM = Type 2 diabetes mellitus.

[1] A subject may contribute more than one race to the summary.

https://doi.org/10.1371/journal.pone.0203946.t001
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Placebo at all time points except Week 16 (p = 0.06). The 2000 mg Metformin IR reference

arm elicited significantly greater reductions in HbA1c from baseline (-1.10±0.13% at Week

16).

Analysis of HbA1c response by subgroups of interest, including prior metformin washout,

number of antidiabetes medications, baseline eGFR, ethnicity, and baseline HbA1c stratum

(<8.5% or�8.5%) were performed in prespecified analyses. Of note, subjects who washed out

of previous metformin use exhibited a markedly different profile compared with those that did

not wash-out of previous metformin use (S3 Fig). Washout subjects exhibited a more robust

apparent dose response with Metformin DR 1500 mg resulting in a change in HbA1c that was

72% of that seen with Metformin IR 2000 mg (i.e., nearly dose proportional), but with main-

tained low systemic exposure. Analyses of multiple baseline covariates suggest that prior met-

formin use per se did not influence HbA1c reduction. Specifically, other subject attributes

such as increase in HbA1c during washout, baseline HbA1c, and eGFR likely accounted for

this observed difference in treatment effect between washout and non-washout subjects.

Fasting plasma glucose. Metformin DR exhibited a significant dose response in FPG

(p = 0.0022; Fig 2D; S2 Fig), with statistically significant reductions at Week 16 of -20.3±8.1 mg/

dL (1200 mg) and -23.4±7.9 mg/dL (1500 mg) vs. -3.1±5.8 mg/dL (Placebo). Compared with Pla-

cebo, Metformin DR 1200 mg and 1500 mg achieved statistically greater reductions in FPG from

Week 4 throughWeek 16. As with HbA1c, 900 mgMetformin DR elicited significantly greater

FPG reductions than Placebo at earlier timepoints (Weeks 4 and 8), but not later timepoints. At

all visits, Metformin IR 2000 mg achieved a significantly greater FPG reduction than Placebo, 600

mgMetformin DR, and 900 mgMetformin DR. Fasting glucose reductions with Metformin IR

2000 mg were not significantly different fromMetformin DR 1500 mg fromWeeks 8 through 16.

Evaluating the reduction in FPG using Caverage Week 4–16 demonstrates a similar pattern of

change. In this analysis, the reduction in FPG (Caverage Week 4–16) was significantly greater than

Placebo for 900 mg Metformin DR, 1200 mgMetformin DR, 1500 mgMetformin DR, and

2000 mg Metformin IR (Fig 2D). As observed with change in FPG at Week 16, 2000 mgMet-

formin IR elicited significantly greater improvement in FPG Caverage Week 4–16 compared with

the lower doses of Metformin DR (600 mg and 900 mg); however, the improvement in FPG

Caverage Week 4–16 with 1500 mgMetformin DR, although numerically smaller, approached that

observed with 2000 mgMetformin IR, eliciting 77% of the effect observed with 2000 mg Met-

formin IR (there was no statistically significant difference between either 1200 mg or 1500 mg

Metformin DR and the 2000 mgMetformin IR dose). Subjects who washed out of metformin

also exhibited a more robust dose response in Caverage Week 4–16, with 1500 mgMetformin DR

achieving a similar mean reduction to that observed with 2000 mgMetformin IR (-33.9 [5.45]

mg/dL vs. -39.5 [5.65] mg/dL, respectively).

Efficacy in relation to systemic metformin exposure. The glycemic effects of Metformin

DR and Metformin IR described above were observed in the context of markedly different sys-

temic exposure. Therefore, in order to explore the benefit:risk of both formulations, glycemic

efficacy was evaluated relative to systemic exposure. When normalized to overall systemic met-

formin exposure, Metformin DR 1500 mg exhibited 1.5-fold greater HbA1c improvement and

2.1-fold greater fasting glucose improvement than 2000 mgMetformin IR (Fig 2E and 2F).

Additional endpoints

The percentage of subjects requiring rescue medication was greatest with Placebo (20%), and

ranged from 5.7% to 13.6% across Metformin DR treatment arms, and 4.5% with Metformin IR

2000 mg. The use of rescue medication was significantly lower with 2000 mgMetformin IR and

1200 mgMetformin DR compared to Placebo, and there was no significant difference in the use
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of rescue medication between 2000 mgMetformin IR andMetformin DR doses above 600 mg.

Body weight was largely unchanged throughout the trial, with Placebo-corrected LS mean (SE)

percent change in body weight from baseline at Week 16 ranging from 0.34% (0.45) with 900

mgMetformin DR to -0.96% (0.46) with 1200 mgMetfromin DR.

Safety and tolerability

Overall, 46% of subjects reported an adverse event during the study (range 40% to 55% across

treatment arms). TEAEs leading to discontinuation of study medication ranged from 2.1% to

7.3% in the Metformin DR treatment arms, compared with 8.5% with Metformin IR treatment

and 6.3% with Placebo. The most common TEAEs leading to study medication discontinua-

tion were gastrointestinal in nature (2.3%) and included diarrhea, nausea, and abdominal pain

(8, 3, and 2 subjects, respectively, with most events occurring in the Metformin IR treatment

arm). Serious TEAEs occurred in 4.2% of Placebo subjects, compared with an incidence rang-

ing from 0% to 4.2% of subjects across Metformin DR treatment arms and 1.1% with Metfor-

min IR; one Placebo subject experienced a TEAE leading to death.

The most common adverse events overall were diarrhea and hyperglycemia (8.6% and

8.4%, respectively); no other events occurred in�5% of subjects overall (Table 2). Diarrhea

was not reported with Placebo and the greatest incidence was observed with Metformin IR

(13.8%). Nausea incidence was 1.0–3.2% across Placebo and all Metformin DR treatment

arms, and occurred at 9.6% with Metformin IR. Hyperglycemia incidence tended to be greater

with Placebo and lower doses of Metformin DR. The only other events that occurred in�5%

of subjects in any treatment arm were: worsening of type 2 diabetes (5.2%; Placebo) and upper

respiratory tract infection (5.3%; 900 mg Metformin DR).

The adverse events most commonly associated with metformin use are upper and lower

gastrointestinal tract events [8]. Because of the delayed-release profile of Metformin DR,

whereby metformin is not released until it reaches the lower gastrointestinal tract, it was of

interest to examine gastrointestinal events between treatments. The Metformin IR reference

treatment exhibited an earlier time to first gastrointestinal event relative to all Metformin DR

Fig 2. Systemic exposure and glycemic efficacy of metformin DR andmetformin IR.Upper Panel: Metformin systemic (plasma) exposure (A) observed
at trough (median) and (B) steady state AUC0-24h (geometric mean [95%CI]) estimated from trough and post-dose sampling. Middle Panel: Efficacy
presented as (C) HbA1c change at Week 16 (LS mean + SE) and (D) CaverageWeek 4–16 change in fasting glucose from baseline (LS mean + SE). Lower
Panel: The efficacy/exposure relationship of 1500 mgMetformin DR and 2000 mgMetformin IR represents HbA1c (E) and fasting glucose improvement
(F) per unit of systemic metformin exposure. Efficacy/exposure data are HbA1c (LS mean reduction from baseline at Week 16) or reduction in fasting
glucose (Caverage Week 4–16) divided by calculated metformin exposure (AUC0-24h); data are normalized to Metformin IR 2000 mg. Data are from the
mITT Population (n = 542), with the exception of modeled steady-stated metformin AUC0-24h (ITT population; n = 571). � p<0.05 vs. Placebo.

https://doi.org/10.1371/journal.pone.0203946.g002

Table 2. Common adverse events.

Treatment-Emergent Adverse Events [1] Placebo
(N = 96)
n (%)

600 mg Met DR
(N = 94)
n (%)

900 mg Met DR
(N = 95)
n (%)

1200 mg Met DR
(N = 96)
n (%)

1500 mg Met DR
(N = 96)
n (%)

2000 mg Met IR
(N = 94)
n (%)

All Subjects
(N = 571)
n (%)

Diarrhea 0 7 (7.4) 7 (7.4) 11 (11.5) 11 (11.5) 13 (13.8) 49 (8.6)

Hyperglycemia 10 (10.4) 8 (8.5) 10 (10.5) 7 (7.3) 8 (8.3) 5 (5.3) 48 (8.4)

Nausea 1 (1.0) 3 (3.2) 3 (3.2) 1 (1.0) 3 (3.1) 9 (9.6) 20 (3.5)

Upper respiratory tract infection 2 (2.1) 1 (1.1) 5 (5.3) 1 (1.0) 0 2 (2.1) 11 (1.9)

Worsening Type 2 diabetes mellitus 5 (5.2) 3 (3.2) 1 (1.1) 0 0 0 9 (1.6)

[1] Treatment-emergent adverse events are defined as those occurring at or after the first administration of randomized study medication at Visit 3 (Day 1) through

Study Termination, or existing prior to the time of, and worsening after the time of the first administration of randomized study medication

https://doi.org/10.1371/journal.pone.0203946.t002
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arms and placebo (p<0.05 in pairwise comparison), most pronounced at the onset of titration

to the full 2000 mg dose at the end of the first week of treatment (Fig 3). No Metformin DR

treatment exhibited a significant difference from placebo. Similar patterns were observed with

TEAEs of nausea. Although the overall incidence of diarrhea with 1200 mg and 1500 mg Met-

formin DR, approached that of 2000 mgMetformin IR, diarrhea with Metformin IR exhibited

Fig 3. Time to occurrence of gastrointestinal treatment-emergent adverse events. Probability of any gastrointestinal treatment-emergent adverse event (top figure) or
nausea/diarrhea events (bottom figures). Abbreviations: CI = Confidence interval; DR = Delayed-release; HR = Hazard ratio; IR = Immediate-release; Met = Metformin;
TEAE = Treatment-emergent adverse event. Data are from the ITT Population (n = 571).

https://doi.org/10.1371/journal.pone.0203946.g003
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an earlier onset upon titration to the 2000 mg/day dose on Day 8 compared to Metformin DR,

which had a more gradual increase in incidence over the first 60 days of treatment.

With the exception of the gastrointestinal adverse events noted above, there were no clini-

cally important differences in adverse event profiles or mean changes in clinical laboratory

measures (including blood lacate) or vital signs among treatments.

Discussion

Owing in part to the deleterious microvascular effects of hyperglycemia and advancing age, a

significant proportion (~9% overall; ~19% age� 65 years) of T2DM patients have advanced

renal disease (CKD Stages 3B or 4), which results in impaired metformin clearance [41]. Met-

formin DR is being developed to leverage the gut-based mechanisms of metformin and

thereby provide a metformin treatment option with low systemic exposure that may be appro-

priate for use in T2DM patients with advanced CKD. The delayed release is achieved by use of

an pH-dependent enteric coating technology that targets delivery of metformin to the ileum

(pH 6.5) where absorption is poor, and density of L-cells and microbiota is high. This study

evaluated QD doses of 600 mg, 900 mg, 1200 mg, and 1500 mgMetformin DR, compared with

Placebo, over 16 weeks of treatment in subjects with T2DM and eGFR�60 mL/min/1.73 m2.

A single-blind 2000 mgMetformin IR reference arm (1000 mg BID) was also included.

Metformin DR exhibited markedly reduced bioavailability compared with Metformin IR,

with trough concentrations reduced by approximately 70% across all doses compared with

Metformin IR. Population PK modeling to estimate 24-hour exposure also indicated that all

doses of Metformin DR evaluated in this study resulted in approximately 1/3 the exposure of

2000 mg Metformin IR.

Metformin DR exhibited a statistically significant dose response for change from baseline

in both HbA1c and FPG with statistically significant improvements in both HbA1c and FPG

for 1200 mg and 1500 mg doses compared with Placebo. While the 2000 mgMetformin IR

dose elicited significantly greater reductions in HbA1c compared with all doses of Metformin

DR, improvement in FPG (Caverage Week4-16) was numerically but not significantly greater with

Metformin IR compared to the higher doses of Metformin DR (1200 mg or 1500 mg). Of note,

there was no evidence of a plateau for the glycemic effects of Metformin DR, indicating that

higher doses of Metformin DR may provide additional glycemic benefit.

The differential effect of 1500 mg Metformin DR compared with 2000 mg Metformin IR on

FPG compared with HbA1c implies that Metformin DR at the doses studied can achieve a

reduction in FPG approaching that observed with a maximum dose (2000 mg) of Metformin

IR, but that Metformin IR may provide additional postprandial glucose control not achieved

with Metformin DR. The mechanism responsible for differential postprandial glucose control

is unknown, but could result from either systemic or upper bowel metformin exposure as both

are reduced or eliminated with the Metformin DR formulation.

When efficacy is considered in the context of markedly lower systemic exposure, Metfor-

min DR shows a favorable profile relative to Metformin IR. The improved efficacy in relation

to exposure (Fig 2E and 2F) may be an important consideration supporting use in patients

with advanced renal disease, and could be a consideration when evaluating the benefit:risk

profile of metformin use in patients at risk of metformin plasma accumulation (and therefore

MALA) due to reduced renal function. Importantly, given the greater efficacy per unit of expo-

sure with Metformin DR and the fact that relative bioavailability increases with lower doses of

metformin (resulting in proportionally lower gut retention of metformin), reducing current

metformin (IR or XR) doses in an attempt to achieve the low systemic exposure of Metformin

DR would likely result in a disproportionate loss in efficacy.
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Adverse events with all active treatments were primarily gastrointestinal in nature, and

were qualitatively similar to those commonly observed with metformin use. Of note, despite

being administered QD with no initial dose titration (as was done with Metformin IR), the

overall incidence of gastrointestinal events was lower with Metformin DR compared with Met-

formin IR, particularly for events of nausea. This difference may be related to Metformin DR

bypassing the upper gastrointestinal tract prior to dissolution, and could also have been influ-

enced by differences in blinding between Metformin DR andMetformin IR. Events of diarrhea

and nausea notably increased upon titration from 1000 mg/day to 2000 mg/day of Metformin

IR. However, the single-blind nature of the Metformin IR treatment arm limits the conclusions

that can be drawn from these comparisons.

This Phase 2b study evaluated Metformin DR in subjects with normal renal function or

mild renal impairment (CKD Stage 1 and 2), in part because Metformin IR (the reference

treatment arm) was until recently contraindicated in CKD Stage 3. Recent labeling changes in

the US and EU now allow metformin use in CKD Stage 3A. For patients with CKD Stage 3B,

initiation of metformin is not allowed per US labeling, and continued use when transitioning

to CKD 3B is allowed with caution; in the EU, patients with CKD Stage 3B may use metformin

at a suboptimal dose (500 mg BID maximum) which maintains systemic exposure at levels

consistent with less advanced renal disease but disproportionately reduces the amount of met-

formin delivered to the lower bowel and the attendant glucose lowering effects. While a recent

uncontrolled, open-label study has confirmed that a reduced metformin dose in CKD 3B

(1000 mg total daily dose) and CKD 4 (500 mg total daily dose) results in acceptable systemic

metformin concentrations, neither HbA1c nor FPG values changed in either group. Impor-

tantly, this open-label study had a small sample size that included both subjects previously tak-

ing metformin and subjects who initiated metformin at these low doses, and was not the

correct design to assess efficacy [42].

The effects of Metformin DR 1500 mg on both HbA1c and FPG seen in this study were

lower than those seen with the Metformin IR 2000 mg reference arm, but consistent with the

FPG reductions seen in an earlier 12-week study [34]. It is noteworthy that the effect of Met-

formin XR 2000 mg used in the earlier study appeared to be attenuated relative to that seen

with Metformin IR 2000 mg used in the current study, consistent with modest differences in

efficacy for the two formulations reported in product labelling. Thus, while the results from

the earlier 12-week study may have suggested that Metformin DR doses�1200 mg would per-

form similarly to Metformin IR 2000 mg, it is possible that differences in efficacy between Met-

formin IR and Metformin XR may partly explain differences in relative efficacy between the

trials.

There were several limitations to this study. First, the open-label reference treatment arm of

2000 mg Metformin IR limits conclusions that can be drawn from comparisons with this arm.

This treatment arm was included as a reference arm to contextualize the findings from the pla-

cebo and Metformin DR treatment arms. Second, this study evaluated patients with CKD

Stage 1 and 2. Future studies in patients with more advanced renal disease, the population for

whom this formulation of metformin was developed, will be conducted to confirm these find-

ings in the target population. Finally, the duration of the study (16 weeks), while adequate to

assess changes in glycemic control, do not provide an indication of long-term safety/tolerabil-

ity or durability of treatment effect; longer studies will assess this in the target treatment

population.

Metformin DR, with its markedly reduced systemic exposure combined with clinically

meaningful glycemic efficacy, exhibits a unique benefit:risk profile not achievable with current

metformin formulations. Metformin DR has the potential to be useful in patients for whom
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metformin is contraindicated or constrained due to concerns of metformin overexposure such

as patients with advanced renal impairment.

Supporting information

S1 Table. Consort checklist. Consort 2010 checklist information for a randomized trial.

(DOC)

S1 Fig. Study design. Abbreviations: BID = twice daily; DR = delayed-release;

IR = immediate-release; Met = metformin; qAM = once daily in the morning.

[1] Subjects washed out of prior metformin therapy if appropriate based on the Investigator’s

clinical judgment. Such subjects could qualify for study enrollment at Screening after a 60- to

75-day metformin washout period.

[2] Placebo Lead-in occurred within 2 weeks following Screening. Placebo tablets were identi-

cal in size and appearance to Met DR tablets to maintain the treatment blind. The 2-week lead-

in period used 600 mg matched placebo tablets (1 tablet qAM).

[3] The Met IR group titrated to a dose of 1000 mgMet IR BID (2000 mgMet IR per day in

equal divided doses) on Day 8 from a starting dose of 1000 mgMet IR qAM.

(PDF)

S2 Fig. Change in HbA1c and fasting plasma glucose over time. Data are from the mITT

Population (n = 542). (LS mean + SE) � = p<0.05 vs. Placebo. DR = Delayed-release;

IR = Immediate-release; Met = Metformin.

(PDF)

S3 Fig. HbA1c response by metformin washout subgroup.Data are from the mITT Popula-

tion (n = 542). (LS mean + SE) � = p<0.05 vs. Placebo. DR = Delayed-release; IR = Immediate-

release; Met = Metformin.

(PDF)

S1 File. Study inclusion/exclusion criteria.

(DOCX)

S2 File. Study protocol.

(PDF)

Acknowledgments

The authors would like to thank the investigators, study teams, and the patients who volun-

teered to participate in the study.

Parts of this study were presented in abstract form at the 77rd Annual Scientific Meeting of

the American Diabetes Association, San Diego, CA, June 9–13, 2017 and the 53rd Annual

Meeting of the European Association for the Study of Diabetes, Lisbon, Portugal, September

11–15, 2017.

Author Contributions

Conceptualization: Robert R. Henry, Juan P. Frias, Sharon Skare, John Hemming, Colleen

Burns, Thomas A. Bicsak, Alain Baron, Mark Fineman.

Data curation: BrandonWalsh, Sharon Skare, Colleen Burns.

Formal analysis: BrandonWalsh, Colleen Burns, Mark Fineman.

Investigation: Robert R. Henry, Juan P. Frias, BrandonWalsh, Sharon Skare, John Hemming.

Efficacy and safety of Metformin DR over 16 weeks

PLOSONE | https://doi.org/10.1371/journal.pone.0203946 September 25, 2018 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203946.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203946.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203946.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203946.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203946.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203946.s006
https://doi.org/10.1371/journal.pone.0203946


Methodology: Robert R. Henry, Juan P. Frias, BrandonWalsh, Sharon Skare, John Hemming,

Colleen Burns, Thomas A. Bicsak, Alain Baron, Mark Fineman.

Project administration: Brandon Walsh, Sharon Skare, John Hemming, Colleen Burns.

Resources: Sharon Skare, John Hemming, Colleen Burns.

Software: Colleen Burns.

Supervision: BrandonWalsh, Sharon Skare, John Hemming, Thomas A. Bicsak, Alain Baron,

Mark Fineman.

Writing – original draft: Robert R. Henry, Juan P. Frias, BrandonWalsh, Sharon Skare, John

Hemming, Colleen Burns, Thomas A. Bicsak, Mark Fineman.

Writing – review & editing: Robert R. Henry, Juan P. Frias, BrandonWalsh, Sharon Skare,

John Hemming, Colleen Burns, Thomas A. Bicsak, Alain Baron, Mark Fineman.

References
1. GrahamGG, Punt J, Arora M, Day RO, DoogueMP, Duong JK, et al. Clinical pharmacokinetics of met-

formin. Clin Pharmacokinet. 2011; 50(2):81–98. Epub 2011/01/19. https://doi.org/10.2165/11534750-
000000000-00000 PMID: 21241070.

2. Vidon N, Chaussade S, Noel M, Franchisseur C, Huchet B, Bernier JJ. Metformin in the digestive tract.
Diabetes Res Clin Pract. 1988; 4(3):223–9. Epub 1988/02/19. PMID: 3359923.

3. Tucker GT, Casey C, Phillips PJ, Connor H,Ward JD,Woods HF. Metformin kinetics in healthy subjects
and in patients with diabetes mellitus. Br J Clin Pharmacol. 1981; 12(2):235–46. Epub 1981/08/01.
PMID: 7306436; PubMed Central PMCID: PMC1401849.

4. Bailey CJ, Wilcock C, Scarpello JH. Metformin and the intestine. Diabetologia. 2008; 51(8):1552–3.
Epub 2008/06/06. https://doi.org/10.1007/s00125-008-1053-5 PMID: 18528677.

5. Bailey CJ. Biguanides and NIDDM. Diabetes Care. 1992; 15(6):755–72. Epub 1992/06/01. PMID:
1600835.

6. Wang DS, Kusuhara H, Kato Y, Jonker JW, Schinkel AH, Sugiyama Y. Involvement of organic cation
transporter 1 in the lactic acidosis caused by metformin. Mol Pharmacol. 2003; 63(4):844–8. Epub
2003/03/20. PMID: 12644585.

7. Protti A, Russo R, Tagliabue P, Vecchio S, Singer M, Rudiger A, et al. Oxygen consumption is
depressed in patients with lactic acidosis due to biguanide intoxication. Crit Care. 2010; 14(1):R22.
Epub 2010/02/23. https://doi.org/10.1186/cc8885 PMID: 20170489; PubMed Central PMCID:
PMC2875537.

8. Glucophage (metformin hydrochloride) and Glucophage XR (extended-release) US Prescribing Infor-
mation. Princeton, NJ: Bristol-Myers Squibb; 2017.

9. Misbin RI, Green L, Stadel BV, Gueriguian JL, Gubbi A, Fleming GA. Lactic acidosis in patients with dia-
betes treated with metformin. N Engl J Med. 1998; 338(4):265–6. Epub 1998/01/24. https://doi.org/10.
1056/NEJM199801223380415 PMID: 9441244.

10. Peters N, Jay N, Barraud D, Cravoisy A, Nace L, Bollaert PE, et al. Metformin-associated lactic acidosis
in an intensive care unit. Crit Care. 2008; 12(6):R149. Epub 2008/11/28. https://doi.org/10.1186/cc7137
PMID: 19036140; PubMed Central PMCID: PMC2646313.

11. Hung SC, Chang YK, Liu JS, Kuo KL, Chen YH, Hsu CC, et al. Metformin use and mortality in patients
with advanced chronic kidney disease: national, retrospective, observational, cohort study. Lancet Dia-
betes Endocrinol. 2015; 3(8):605–14. https://doi.org/10.1016/S2213-8587(15)00123-0 PMID:
26094107.

12. Almirall J, Briculle M, Gonzalez-Clemente JM. Metformin-associated lactic acidosis in type 2 diabetes
mellitus: incidence and presentation in common clinical practice. Nephrol Dial Transplant. 2008; 23
(7):2436–8. Epub 2008/04/05. https://doi.org/10.1093/ndt/gfn152 PMID: 18388117.

13. Connelly PJ, LonerganM, Soto-Pedre E, Donnelly L, Zhou K, Pearson ER. Acute kidney injury, plasma
lactate concentrations and lactic acidosis in metformin users: A GoDarts study. Diabetes Obes Metab.
2017; 19(11):1579–86. Epub 2017/04/23. https://doi.org/10.1111/dom.12978 PMID: 28432751;
PubMed Central PMCID: PMCPMC5655780.

Efficacy and safety of Metformin DR over 16 weeks

PLOSONE | https://doi.org/10.1371/journal.pone.0203946 September 25, 2018 15 / 17

https://doi.org/10.2165/11534750-000000000-00000
https://doi.org/10.2165/11534750-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/21241070
http://www.ncbi.nlm.nih.gov/pubmed/3359923
http://www.ncbi.nlm.nih.gov/pubmed/7306436
https://doi.org/10.1007/s00125-008-1053-5
http://www.ncbi.nlm.nih.gov/pubmed/18528677
http://www.ncbi.nlm.nih.gov/pubmed/1600835
http://www.ncbi.nlm.nih.gov/pubmed/12644585
https://doi.org/10.1186/cc8885
http://www.ncbi.nlm.nih.gov/pubmed/20170489
https://doi.org/10.1056/NEJM199801223380415
https://doi.org/10.1056/NEJM199801223380415
http://www.ncbi.nlm.nih.gov/pubmed/9441244
https://doi.org/10.1186/cc7137
http://www.ncbi.nlm.nih.gov/pubmed/19036140
https://doi.org/10.1016/S2213-8587(15)00123-0
http://www.ncbi.nlm.nih.gov/pubmed/26094107
https://doi.org/10.1093/ndt/gfn152
http://www.ncbi.nlm.nih.gov/pubmed/18388117
https://doi.org/10.1111/dom.12978
http://www.ncbi.nlm.nih.gov/pubmed/28432751
https://doi.org/10.1371/journal.pone.0203946


14. Lucis OJ. The status of metformin in Canada. Canadian Medical Association journal. 1983; 128(1):24–
6. Epub 1983/01/01. PMID: 6847752; PubMed Central PMCID: PMC1874707.

15. Glucophage Summary of Product Characteristics (United Kingdom). Feltham, Middlesex: Merck Ser-
ono; 2017.

16. Inzucchi SE, Bergenstal RM, Buse JB, Diamant M, Ferrannini E, Nauck M, et al. Management of hyper-
glycaemia in type 2 diabetes, 2015: a patient-centred approach. Update to a position statement of the
American Diabetes Association and the European Association for the Study of Diabetes. Diabetologia.
2015; 58(3):429–42. Epub 2015/01/15. https://doi.org/10.1007/s00125-014-3460-0 PMID: 25583541.

17. Brazg R, Xu L, Dalla Man C, Cobelli C, Thomas K, Stein PP. Effect of adding sitagliptin, a dipeptidyl pep-
tidase-4 inhibitor, to metformin on 24-h glycaemic control and beta-cell function in patients with type 2
diabetes. Diabetes Obes Metab. 2007; 9(2):186–93. https://doi.org/10.1111/j.1463-1326.2006.00691.x
PMID: 17300594.

18. Wanner C, Lachin JM, Inzucchi SE, Fitchett D, MattheusM, George JT, et al. Empagliflozin and clinical
outcomes in patients with type 2 diabetes, established cardiovascular disease and chronic kidney dis-
ease. Circulation. 2017. Epub 2017/09/15. https://doi.org/10.1161/circulationaha.117.028268 PMID:
28904068.

19. Perkovic V, Agarwal R, Fioretto P, Hemmelgarn BR, Levin A, ThomasMC, et al. Management of
patients with diabetes and CKD: conclusions from a "Kidney Disease: Improving Global Outcomes"
(KDIGO) Controversies Conference. Kidney international. 2016; 90(6):1175–83. https://doi.org/10.
1016/j.kint.2016.09.010 PMID: 27884312.

20. Dekkers CCJ, Wheeler DC, SjostromCD, Stefansson BV, Cain V, Heerspink HJL. Effects of the
sodium-glucose co-transporter 2 inhibitor dapagliflozin in patients with type 2 diabetes and Stages 3b-4
chronic kidney disease. Nephrol Dial Transplant. 2018. https://doi.org/10.1093/ndt/gfx350 PMID:
29370424.

21. MoenMF, ZhanM, Hsu VD,Walker LD, Einhorn LM, Seliger SL, et al. Frequency of hypoglycemia and
its significance in chronic kidney disease. Clin J Am Soc Nephrol. 2009; 4(6):1121–7. Epub 2009/05/09.
https://doi.org/10.2215/CJN.00800209 PMID: 19423569; PubMed Central PMCID: PMCPmc2689888.

22. Alsahli M, Gerich JE. Hypoglycemia, chronic kidney disease, and diabetes mellitus. Mayo Clinic pro-
ceedings. 2014; 89(11):1564–71. Epub 2014/10/13. https://doi.org/10.1016/j.mayocp.2014.07.013
PMID: 25305751.

23. Papademetriou V, Lovato L, Doumas M, Nylen E, Mottl A, Cohen RM, et al. Chronic kidney disease and
intensive glycemic control increase cardiovascular risk in patients with type 2 diabetes. Kidney interna-
tional. 2015; 87(3):649–59. Epub 2014/09/18. https://doi.org/10.1038/ki.2014.296 PMID: 25229335.

24. Chu YW, Lin HM,Wang JJ, Weng SF, Lin CC, Chien CC. Epidemiology and outcomes of hypoglycemia
in patients with advanced diabetic kidney disease on dialysis: A national cohort study. PLoS One. 2017;
12(3):e0174601. Epub 2017/03/30. https://doi.org/10.1371/journal.pone.0174601 PMID: 28355264;
PubMed Central PMCID: PMCPmc5371333.

25. Shih CJ, Wu YL, Lo YH, Kuo SC, Tarng DC, Lin CC, et al. Association of hypoglycemia with incident
chronic kidney disease in patients with type 2 diabetes: a nationwide population-based study. Medicine.
2015; 94(16):e771. https://doi.org/10.1097/MD.0000000000000771 PMID: 25906112; PubMed Central
PMCID: PMCPMC4602688.

26. Yu TM, Lin CL, Chang SN, Sung FC, Kao CH. Increased risk of stroke in patients with chronic kidney
disease after recurrent hypoglycemia. Neurology. 2014; 83(8):686–94. Epub 2014/07/18. https://doi.
org/10.1212/WNL.0000000000000711 PMID: 25031280.

27. Jensen JB, Sundelin EI, Jakobsen S, Gormsen LC, Munk OL, Frokiaer J, et al. [11C]-Labeledmetformin
distribution in the liver and small intestine using dynamic positron emission tomography in mice demon-
strates tissue-specific transporter dependency. Diabetes. 2016; 65(6):1724–30. Epub 2016/03/20.
https://doi.org/10.2337/db16-0032 PMID: 26993065.

28. Lee N, Duan H, Hebert MF, Liang CJ, Rice KM,Wang J. Taste of a pill: organic cation transporter-3
(OCT3) mediates metformin accumulation and secretion in salivary glands. J Biol Chem. 2014; 289
(39):27055–64. https://doi.org/10.1074/jbc.M114.570564 PMID: 25107910; PubMed Central PMCID:
PMC4175343.

29. Pentikainen PJ, Neuvonen PJ, Penttila A. Pharmacokinetics of metformin after intravenous and oral
administration to man. Eur J Clin Pharmacol. 1979; 16(3):195–202. PMID: 499320.

30. Proctor WR, Bourdet DL, Thakker DR. Mechanisms underlying saturable intestinal absorption of met-
formin. Drug Metab Dispos. 2008; 36(8):1650–8. Epub 2008/05/07. https://doi.org/10.1124/dmd.107.
020180 PMID: 18458049.

31. Wilcock C, Bailey CJ. Accumulation of metformin by tissues of the normal and diabetic mouse. Xenobio-
tica. 1994; 24(1):49–57. Epub 1994/01/01. https://doi.org/10.3109/00498259409043220 PMID:
8165821.

Efficacy and safety of Metformin DR over 16 weeks

PLOSONE | https://doi.org/10.1371/journal.pone.0203946 September 25, 2018 16 / 17

http://www.ncbi.nlm.nih.gov/pubmed/6847752
https://doi.org/10.1007/s00125-014-3460-0
http://www.ncbi.nlm.nih.gov/pubmed/25583541
https://doi.org/10.1111/j.1463-1326.2006.00691.x
http://www.ncbi.nlm.nih.gov/pubmed/17300594
https://doi.org/10.1161/circulationaha.117.028268
http://www.ncbi.nlm.nih.gov/pubmed/28904068
https://doi.org/10.1016/j.kint.2016.09.010
https://doi.org/10.1016/j.kint.2016.09.010
http://www.ncbi.nlm.nih.gov/pubmed/27884312
https://doi.org/10.1093/ndt/gfx350
http://www.ncbi.nlm.nih.gov/pubmed/29370424
https://doi.org/10.2215/CJN.00800209
http://www.ncbi.nlm.nih.gov/pubmed/19423569
https://doi.org/10.1016/j.mayocp.2014.07.013
http://www.ncbi.nlm.nih.gov/pubmed/25305751
https://doi.org/10.1038/ki.2014.296
http://www.ncbi.nlm.nih.gov/pubmed/25229335
https://doi.org/10.1371/journal.pone.0174601
http://www.ncbi.nlm.nih.gov/pubmed/28355264
https://doi.org/10.1097/MD.0000000000000771
http://www.ncbi.nlm.nih.gov/pubmed/25906112
https://doi.org/10.1212/WNL.0000000000000711
https://doi.org/10.1212/WNL.0000000000000711
http://www.ncbi.nlm.nih.gov/pubmed/25031280
https://doi.org/10.2337/db16-0032
http://www.ncbi.nlm.nih.gov/pubmed/26993065
https://doi.org/10.1074/jbc.M114.570564
http://www.ncbi.nlm.nih.gov/pubmed/25107910
http://www.ncbi.nlm.nih.gov/pubmed/499320
https://doi.org/10.1124/dmd.107.020180
https://doi.org/10.1124/dmd.107.020180
http://www.ncbi.nlm.nih.gov/pubmed/18458049
https://doi.org/10.3109/00498259409043220
http://www.ncbi.nlm.nih.gov/pubmed/8165821
https://doi.org/10.1371/journal.pone.0203946


32. Napolitano A, Miller S, Nicholls AW, Baker D, Van Horn S, Thomas E, et al. Novel gut-based pharmacol-
ogy of metformin in patients with type 2 diabetes mellitus. PLoS One. 2014; 9(7):e100778. https://doi.
org/10.1371/journal.pone.0100778 PMID: 24988476; PubMed Central PMCID: PMC4079657.

33. Duca FA, Cote CD, Rasmussen BA, Zadeh-Tahmasebi M, Rutter GA, Filippi BM, et al. Metformin acti-
vates a duodenal Ampk-dependent pathway to lower hepatic glucose production in rats. Nat Med. 2015;
21(5):506–11. https://doi.org/10.1038/nm.3787 PMID: 25849133.

34. Buse JB, DeFronzo RA, Rosenstock J, Kim T, Burns C, Skare S, et al. The primary glucose-lowering
effect of metformin resides in the gut, not the circulation. results from short-term pharmacokinetic and
12-week dose-ranging studies. Diabetes Care. 2016; 39(2):198–205. Epub 2015 Aug 18. pii: dc150488.
https://doi.org/10.2337/dc15-0488 PMID: 26285584.

35. DeFronzo R, Fleming GA, Chen K, Bicsak TA. Metformin-associated lactic acidosis: Current perspec-
tives on causes and risk. Metabolism. 2016; 65(2):20–9. https://doi.org/10.1016/j.metabol.2015.10.014
PMID: 26773926

36. DeFronzo RA, Buse JB, Kim T, Burns C, Skare S, Baron A, et al. Once-daily delayed-release metformin
lowers plasma glucose and enhances fasting and postprandial GLP-1 and PYY: results from two rando-
mised trials. Diabetologia. 2016; 59(8):1645–54. https://doi.org/10.1007/s00125-016-3992-6 PMID:
27216492; PubMed Central PMCID: PMCPMC4930485.

37. Forslund K, Hildebrand F, Nielsen T, Falony G, Le Chatelier E, Sunagawa S, et al. Disentangling type 2
diabetes and metformin treatment signatures in the human gut microbiota. Nature. 2015; 528
(7581):262–6. Epub 2015/12/04. https://doi.org/10.1038/nature15766 PMID: 26633628; PubMed Cen-
tral PMCID: PMCPmc4681099.

38. McCreight LJ, Bailey CJ, Pearson ER. Metformin and the gastrointestinal tract. Diabetologia. 2016; 59
(3):426–35. https://doi.org/10.1007/s00125-015-3844-9 PMID: 26780750.

39. Bakris G, Taylor A, Walsh B, Burns C, FinemanM. Metformin exposure with gut-restricted delayed-
release metformin in CKD Stage 4 does not exceed that of current metformin used on-label: results
from population PKmodelling. Diabetologia. 2017; 60((Suppl 1)):S114 (Abstract 244). https://doi.org/
10.1007/s00125-017-4350-z.

40. Ruberg SJ. Dose response studies. II. Analysis and interpretation. Journal of biopharmaceutical statis-
tics. 1995; 5(1):15–42. Epub 1995/03/01. https://doi.org/10.1080/10543409508835097 PMID:
7613559.

41. Bailey RA,Wang Y, Zhu V, RupnowMF. Chronic kidney disease in US adults with type 2 diabetes: an
updated national estimate of prevalence based on Kidney Disease: Improving Global Outcomes
(KDIGO) staging. BMCRes Notes. 2014; 7:415. Epub 2014/07/06. https://doi.org/10.1186/1756-0500-
7-415 PMID: 24990184; PubMed Central PMCID: PMCPmc4091951.

42. Lalau JD, Kajbaf F, Bennis Y, Hurtel-Lemaire AS, Belpaire F, De Broe ME. Metformin Treatment in
PatientsWith Type 2 Diabetes and Chronic Kidney Disease Stages 3A, 3B, or 4. Diabetes Care. 2018;
41(3):547–53. Epub 2018/01/07. https://doi.org/10.2337/dc17-2231 PMID: 29305402.

Efficacy and safety of Metformin DR over 16 weeks

PLOSONE | https://doi.org/10.1371/journal.pone.0203946 September 25, 2018 17 / 17

https://doi.org/10.1371/journal.pone.0100778
https://doi.org/10.1371/journal.pone.0100778
http://www.ncbi.nlm.nih.gov/pubmed/24988476
https://doi.org/10.1038/nm.3787
http://www.ncbi.nlm.nih.gov/pubmed/25849133
https://doi.org/10.2337/dc15-0488
http://www.ncbi.nlm.nih.gov/pubmed/26285584
https://doi.org/10.1016/j.metabol.2015.10.014
http://www.ncbi.nlm.nih.gov/pubmed/26773926
https://doi.org/10.1007/s00125-016-3992-6
http://www.ncbi.nlm.nih.gov/pubmed/27216492
https://doi.org/10.1038/nature15766
http://www.ncbi.nlm.nih.gov/pubmed/26633628
https://doi.org/10.1007/s00125-015-3844-9
http://www.ncbi.nlm.nih.gov/pubmed/26780750
https://doi.org/10.1007/s00125-017-4350-z
https://doi.org/10.1007/s00125-017-4350-z
https://doi.org/10.1080/10543409508835097
http://www.ncbi.nlm.nih.gov/pubmed/7613559
https://doi.org/10.1186/1756-0500-7-415
https://doi.org/10.1186/1756-0500-7-415
http://www.ncbi.nlm.nih.gov/pubmed/24990184
https://doi.org/10.2337/dc17-2231
http://www.ncbi.nlm.nih.gov/pubmed/29305402
https://doi.org/10.1371/journal.pone.0203946

