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ARTICLE INFO ABSTRACT

Keywords: Background: The effects of food on the pharmacokinetics and safety of metformin hydrochloride
Food (MH) are unclear.

Effects

Objective: To discover the effects of food on the pharmacokinetics and safety of MH, and its in-

Metformin
Pharmacokinetics fluence factors.
Safety Methods: English and Chinese databases, and grey (unpublished) literature were searched for

eligible studies (registration No. CRD 42022321067 in PROSPERO network). The summary
weighted mean difference for continuous variables, and the risk ratio for dichotomous variables
was calculated for the main pharmacokinetic parameters. Heterogeneity among the included
studies was analyzed using the I? test. Subgroup analyses, meta-regression, sensitivity analysis,
and publication bias test were conducted.

Results: Fourteen clinical trials were included, comprising 408 participants. The pooled AUCy_.t,
AUCy_., and Cpax were decreased by about 30.21% (I* = 16.7%, p = 0.276), 28.00% (I*> =
73.6%, p < 0.001), and 40.38% (I? = 92.8%, P < 0.001). Tphax was delayed by about 29.42% > =
45.1%, p = 0.034). Subgroup analysis and meta-regression analysis revealed dosage of MH and
gender composition as two significant sources of heterogeneity in AUCy_,o, and Cmax. Sensitivity
analysis indicated that most of results were stable. The Egger’s regression test and the Begg test
(p > 0.05) confirmed that there is no publication bias.

Conclusions: Pharmacokinetics parameters of MH were affected by food. High-fat, high-calorie
diet lowered the extent and rate of absorption while slowing the absorption of metformin. These
findings suggest that it is necessary to increase the dosage of MH in order to maintain the same
treatment effect when administration of MH after a high fat, high calorie diet.

Meta-analysis
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1. Introduction

Diabetes is a serious threat to human health [1-3]. Across the globe, 537 million adults (aged 20-79 years) are living with diabetes,
which amounts to 1 in 10 individuals, and this number is predicted to rise to 643 million by 2030 and 783 million by 2045 [4].
Metformin, which acts as a double guanidine drug, is the first-line treatment for type 2 diabetes [5-10]. The major glucose-lowering
effects of metformin in patients with type 2 diabetes are mostly mediated through inhibition of hepatic gluconeogenesis and improving
insulin sensitivity [11,12]. In addition, metformin acutely lowers blood glucose levels through the inhibition of intestinal glucose
transport [13].

The pharmacokinetics of metformin, including Absorption, Distribution, Metabolism, and Excretion (ADME), are very significant in
the treatment of diabetes by metformin. Metformin is absorbed preponderantly by the intestinum tenue, and gastrointestinal ab-
sorption is accomplished within about 6 h of swallowing [14]. The bioavailability of metformin tablets averaged 40-60% [14,15].
Metformin is rapidly distributed throughout the body following absorption [14]. The absence of liver metabolism, no conjugates or
metabolites of metformin have been ascertained [14]. Metformin is excreted in the urine through the kidneys as a prototype drug, and
the excretory half-life of oral metformin is 4.0-8.7 h [14,16].

The pharmacokinetics of metformin is mainly decided by membrane transporters, including the plasma membrane monoamine
transporter (PMAT), the organic cation transporters (OCTs), the multidrug and toxin extrusion (MATE) transporters, and the critical
protein kinase AMP activated protein kinase (AMPK) [16]. PMAT may play an important role in the uptake of metformin from the
gastrointestinal tract, while OCTs induce intestinal absorption, hepatic uptake, and renal excretion of metformin [16]. MATEs are
considered to conduce to the hepatic and renal excretion of the drug [16].

Metformin is administrated with meals, while insulin secretagogues and insulin preparation are administrated before meals [9].
The effects of food on pharmacokinetics and safety of metformin hydrochloride tablets (MH) are interesting and significant phar-
macokinetic issues for the management of type 2 diabetes mellitus. MH is available in various dosage formulations. Glucophage and
Glycoran are the innovative drugs of MH (850 mg) and MH (250 mg), respectively. The instruction manual of Glucophage states that
food decreases the extent of absorption and slightly delays the absorption of metformin, as shown by an approximately 40% lower
mean peak plasma concentration (Cyayx), a 25% lower area under the curve (AUC) of a plasma concentration versus time, and a 35-min
prolongation of time to peak plasma concentration (Tmax) [17]. However, the effects of food on the pharmacokinetic parameters of
Glycoran (innovative MH, 250 mg) [18], and most generic MH drugs (both 850 mg and 250 mg), are not quantified. Whether the
effects of food on the pharmacokinetics and safety of MH are related to drug dosages and formulations, gender, age, body mass index,
and race of participants or patients is an important unanswered question.

Recently, several clinical trials of pharmacokinetic evaluation of MH in healthy adults under both fasting and postprandial con-
ditions have been reported [19,20]. This makes it possible to solve the problem. To our knowledge, no study has comprehensively
summarized the evidence regarding the effects of food on the pharmacokinetics and safety of MH. Therefore, we reviewed existing
evidence from clinical trials on the pharmacokinetics, bioavailability, drug consistency evaluation, and safety of innovative and
generic MH under fasting and/or postprandial conditions in healthy adult participants, and performed a head-to-head meta-analysis.
The purpose of this systematic review and meta-analysis is discovering the effects of food on the pharmacokinetics and safety of MH,
and find the effects of dosage and brand of MH, gender, age, BMI, and race of participants on the pharmacokinetics of MH.

2. Material and methods

This systemic review and meta-analysis were conducted following the Preferred Reporting Items for Systematic Review and Meta-
Analysis (PRISMA) guidelines [21,22] and was registered in the International Prospective Register of Systematic Reviews (PROSPERO,
CRD42022321067). The protocol is listed in Supplementary, Appendix 1.

2.1. Information sources and search strategy

The published literature was identified by searching PubMed, Embase, Cochrane Central Register of Controlled Trials, and Web of
Science with no language restriction from inception until March 5, 2022, for clinical trials investigating dedicated pharmacokinetics
and safety of MH under fasting and/or postprandial conditions in healthy adult participants. Three Chinese databases (CNKI, WAN-
FANG, and VIP database), were also systematically searched to identify any relevant study published between March 5, 2016 [23] and
March 5, 2022. The search strategy included the key words: healthy adults AND metformin AND (fasting OR postprandial) AND (phar-
macokinetic OR bioequivalence OR safety). In addition, relevant reviews, editorials, and the reference lists of the included articles were
scanned for additional relevant studies. Grey (unpublished) literature was identified by searching the websites of clinical practice
guideline collections, clinical trial registries, national and international medical specialty societies, and recent conference abstracts.
Full-text articles of potentially relevant studies that were unavailable through the university library were requested from the authors
(Supplementary, Appendix 2).

2.2. Eligibility criteria and study selection
Two authors (Sun and Liu) independently screened the titles and abstracts to determine whether the articles were relevant to the

meta-analysis based on the pre-defined inclusion criteria. The full texts of potentially eligible studies were then reviewed before the
final selection. Any disagreement was resolved in consultation with the third author (Wang).
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The inclusion criteria were as follows: (1) pharmacokinetics and safety clinical trials of MH under both fasting and postprandial
conditions; (2) participants were healthy adults (age >18 years), not patient; (3) pharmacokinetic, bioavailability, or bioequivalence
studies that include volunteers i.e., not patient. The exclusion criteria were as follows: (1) conference abstracts; (2) reviews; (3) case
reports; (4) clinical trial register; (5) compound preparations, sustained release, or preparations other than general tablets; (6) clinical
trials in patients instead of adult participants; (7) drugs other than metformin were used; (8) pre-clinical studies; (9) multiple dosages
were given in succession.

2.3. Data extraction and quality assessment

Data were extracted from the included articles by two independent authors (Sun and Liu) using standardized data extraction sheets
based on the defined inclusion criteria. Any disagreements were resolved in consultation with the third author (Wang), and
disagreement was resolved by consensus. If available, the following information was extracted from each article: first author, year of
publication, clinical trial site, the brand of MH, dosages, manufacturers, number of participants, main pharmacokinetics parameters
(AUCpt, AUC)- 00, Cmax, and Tpay), and safety outcomes (adverse reactions, severity classification, outcomes). The mean values and
standard deviations of continuous data were extracted from the literature. If the mean and standard deviation were not available in an
article, they were estimated by median and range [24]. If the description of relevant information in the article was unclear, the
corresponding author or first author was contacted by phone, WeChat, or email.

Two authors (Yan and Chen) independently conducted quality assessment of all the included articles using the Cochrane risk of bias
tool 2.0 in the following domains: bias arising from the randomization process, bias due to deviations from intended interventions, bias
due to missing outcome data, bias in measurement of the outcome, bias in selection of the reported result, and overall bias [25]. Each
domain was classified as low risk of bias, high risk of bias, or some concerns. Any disagreements were resolved in consultation with
another author (Wang), and disagreement was resolved by consensus.

2.4. Statistical analysis

Effect size was calculated based on the weighted mean difference (WMD) for continuous variables (AUCy_,t, AUC)- c, Cmax, and
Tmax) and the risk ratio (relative risk; RR) for dichotomous variables (the primary safety outcome, i.e., adverse reaction). The effect size
of all combined results is represented by the 95% confidence interval (CI) with upper and lower limits. The pooled rates used a fixed-
effects model or a random effects model. The fixed-effects model was used for pooled results with low heterogeneity (I < 50%);
otherwise, the random-effects model was used for analysis.

Heterogeneity among the included studies was analyzed using the I? test [21,22] as follows: I = [(Q — df)/Q] x 100%, where Q is
the 42 heterogeneity statistic and df is the degrees of freedom. I? values > 75% indicate high heterogeneity, whereas values between
50% and 75% indicate moderate heterogeneity. I* values between 25% and 50% indicate low heterogeneity, and values below 25%
indicate no heterogeneity.

To explore sources of heterogeneity, subgroup analyses, and meta-regression were conducted. We conducted subgroup analyses
according to the following potential sources of heterogeneity: different dosages and formulations, as defined by generic and innovative

S Records identified through English database searching (n = 1572): : . : :
o = .
-‘§ Cochrane Library databases (n = 1229) Re(cj&;;ld(sl lzleitlge)d through Chinese database searching (n = 123):
= Embase (n = 59) VIP (n = 16)
5 PubMed (n = 262) a
3 Web Of Science (n =22) Wanfang (n =75)
. _ Records excluded according to titles and abstracts (n=83):
—> =
v Duplicates (n = 236) CNKI(n=16) VIP(n=13) Wanfang (n=>54)
Compound preparation 8 7 18 [e—|
Records after duplicates removed (n = 1336) Other preparations 7 S 28
Non-clinical trial 1 1 8
Records excluded according to titles and abstracts (n =1319): . . -
_E’ Conference Abstract (n = 149) The remaining articles (n = 40)
S Reviews or case report (n = 42)
g —>  Registers (n = 196)
n Compound preparations or other preparations (n = 61)
Patients (n = 831) ) Duplicates (n = 17) |‘7
No study of PK or safety of metformin (n = 33)
Multiple consecutive dosing (n = 7)
Full-text articles assessed for eligibility (n = 40, 17 English and 23 Chinese)
Full-text articles excluded because of pharmacokinetic or ;o . ;L . :
c | bioequivalence trials only under fasting conditions (n = 32) gxglizilgl%ilzlila%;s:s(?;Igc):lusmn
2 Enalish (n = 13): Chinese (n= 19)
% v v
= Articles were included in the meta-analysis (n = 8): English (4) and Chinese (4).
In addition, published later (1, Chinese) and awaiting publication of clinical trial (1, English)

Fig. 1. Flow diagram of study selection.
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drugs, mean of age and BMI of participants, race of participants. Univariate and multivariate meta-regression was performed to
quantify the potential influence of participants (gender composition, mean of age, BMI, race) and drug (dosage and formulation)
characteristics on parameters with moderate or high heterogeneity.

A sensitivity analysis was performed by omitting each study one by one. Potential publication bias was examined using the funnel
plot and Egger linear regression [21,22].

Statistical significance and analysis software: Statistical significance was set at p < 0.05. The statistical software package Statal6
(Stata Corp., College Station, TX, USA) was used for the meta-analysis.

3. Results
3.1. Study selection and characteristics

Overall, 1695 studies were retrieved from the electronic databases, including 1572 English and 123 Chinese studies (Fig. 1). After
removing duplicates and conducting title and abstract review, we assessed 40 full-text articles for eligibility, including 17 English and
23 Chinese articles. Eight articles, including four English and four Chinese articles that collectively reported on 12 clinical trials
(English: #3, #8, #9, #10; Chinese: #1, #2, #4, #7, in Supplementary, Appendix 3), met all the inclusion and exclusion criteria, and
were thus included in our meta-analysis. In addition, two clinical trials of bioequivalence and safety evaluation of two low-dose MH
(250 mg) treatments under fasting and postprandial conditions to be published (#5 and #6 in Supplementary, Appendix 3), also met
the inclusion and exclusion criteria and were included in this meta-analysis.

The characteristics of the included trials have been summarized in Table 1. The included trials involved 408 healthy adult par-
ticipants (24-36 participants in each clinical trial) comprising 284 men and 124 women, of which 180 participated in fasting trials, 180
participated in postprandial trials, and 48 participated in both fasting and postprandial trials. Two clinical trials were conducted in
Canada and the United States, while the remaining clinical trials were performed in China. The trial drugs included innovative and
generic MH at both 850 mg and 250 mg (Table 1).

3.2. Quality assessment

The results of the quality assessment are shown in Table 2. Some Concerns were given to the items of “bias due to deviations from
intended interventions” because people delivering the interventions were aware of participants’ assigned intervention during the trial

Table 1
Clinical characteristics of included studies.
Frist author; Drug (dosage), manufacturer, Country Trial Male Female Age Hight Weight BMI
Publish time; of trial (n) (n) (years) (cm) (kg) (kg/
(No.) m?)
Chen L. 2021 (1) Generic metformin (250 mg), Penglai China Fasting 24 8 28.0 £ 167.98 62.93 + 22.31
(#1) Nuokang Pharmaceutical Co., Ltd., China; 7.89 + 8.28 7.22 + 2.07
(2) Glycoran® (250 mg). Nippon Fed 21 11 283 + 167.44 62.81 + 22.42
Shinyaku CO., LTD., Japan. 8.56 +7.93 6.94 + 215
Gao R. 2021 (1) Generic metformin (250 mg), Harbin China Fasting 14 10 33.83 166.25 67.82 + 24.45
(#2) Zhenbao Pharmaceutical Co., Ltd. China; +9.76 + 6.86 9.6 + 2.26
(2) Glycoran® (250 mg). Nippon Fed 16 8 35.88 165.79 64.73 + 235+
Shinyaku CO., LTD., Japan. +10.44 £9.13 10.01 2.43
Huang X. 2020 (1) Generic metformin (250 mg), China Fasting 20 8 25.4 + 164.57 60.51 + 22.3 +
(#3) Chongging Kerui Pharmaceutical (Group) 6.4 + 8.00 7.41 1.94
Co., LTD., China; (2) Glycoran® (250 Fed 22 6 25.0 + 165.21 63.13 + 23.02
mg). Nippon Shinyaku CO., LTD., Japan. 4.7 +9.62 9.84 +1.93
Chen L. 2019 (1) Generic metformin (250 mg), Shanxi China Fasting 15 9 34.4 £ Not Not 23.46
(#4) Ante Bio-pharmaceutical Co., Ltd., China; 8.0 reported reported +1.89
(2) Glycoran® (250 mg). Nippon Fed 11 13 40.0 + Not Not 24.05
Shinyaku CO., LTD., Japan. 8.1 reported reported + 2.37
Sun ML. To be (1) Generic metformin (250 mg), Beijing China Fasting 27 9 35.58 166.97 65.49 + 23.42
published Zhongxin Pharmaceutical Group Co., Ltd., +10.55 +9.62 9.79 +2.44
(#5, #6) China; (2) Glycoran® (250 mg), Nippon Fed 27 9 34.78 166.55 66.81 + 24.06
Shinyaku CO., LTD., Japan. +9.44 +7.95 9.43 +2.61
Sun ML. (1) Generic metformin (850 mg), China Fasting 26 10 33.44 166.38 65.68 + 23.65
2021a, b Guangdong Sinocorp pharmaceutical Co., + 8.62 + 8.78 10.38 + 2.63
(#7, #8) Ltd. China; (2) Glucophage® (850 mg), Fed 25 11 27.94 165.94 64.99 + 23.55
the Merck UK corporate. +6.35 + 6.79 9.62 + 2.68
Urban LE. Glucophage® (850 mg), Bristol-Myers Canada Fasting 12 12 47 +12 168 +8 84 +12 30+3
2018 (#9)  Squibb Co., USA. + Fed
Sambol NC. Metformin (850 mg), manufacturer was USA Fasting 24 0 21-35 NR NR NR
1996 not reported. + Fed
(#10)

Notes: BMI = body mass index. #, means the serial number of articles included in this study (Supplementary, Appendix 3).
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Table 2
Quality assessment of the included studies using Cochrane risk of bias tool.
Frist author; Bias arising from the Bias due to deviations Bias due to Bias in measurement Bias in selection of Over-
Publish time randomization process from intended missing outcome of the outcome the reported result all bias
interventions data
Chen L. 2021 fx1 fx2 fx1 fx1 fx1 fx2
Gao R. 2021 fx1 fx2 fx1 fx1 fx1 fx2
Huang X. 2020 fx1 fx2 fx1 fx1 fx1 fx2
Chen L. 2019 fx1 fx2 fx1 fx1 fx1 fx2
Sun ML. 2023 and ~ fx1 fx2 fx1 fx1 fx1 fx2
to be
published
Sun ML. 2021a, fx1 fx2 fx1 fx1 fx1 fx2
2021b
Urban LE. 2018 fx1 fx2 fx1 fx1 fx1 fx2
Sambol NC. 1996 fx1 fx2 fx1 fx1 fx1 fx2

Notes: Low Risk of bias fx1; Some Concerns fx2.

as per design of open-label trials in these included studies. As a result, overall bias was assessed as Some Concerns.

3.3. Synthesis of main pharmacokinetic and safety parameters

The 14 included clinical trials reported AUC(_,¢, AUCy— w0, Cmax, and Tpax as main pharmacokinetic outcomes. High-fat, high-calorie
diet (about 800-1000 kcal: 150 kcal protein, 250 kcal carbohydrate, and 500-600 kcal fat), USA FDA-recommended standard meals
[26] significantly reduced the mean AUC. The pooled AUC,_ was decreased by about 30.21% at —1568.08 ng h mL™! (95% CI:
—1718.29 to —1417.87 ngh mL™Y; I = 16.7%, p = 0.276; z = —20.461, p < 0.001) (Fig. 2), and the pooled AUCy_,;was decreased by
about 28.00% at —1638.08 ng h mL~! (95% CI: —1913.60 to —1362.57 ngh mL_l; P= 73.6%, p < 0.001; z = —11.653, p < 0.001)
(Fig. 3). These results suggest that a high-fat, high-calorie diet lowered the extent of absorption of MH. The mean Cp,x was decreased
by about 40.38% at —401.46 ng mL ™! (95% CI: —482.10 to —320.83 ng mL~; I? = 92.8%, p < 0.001; z = —9.758, p < 0.001) (Fig. 4).
This result suggests that a high-fat, high-calorie diet reduced the rate of absorption of metformin. The pooled mean Ty,,x was delayed
by about 29.42% at 0.72 h (95% CI: 0.63-0.81 h; P= 45.1%, p = 0.034; z = 15.894, p < 0.001) (Fig. 5). This result indicates that a

%

Frist author; Drug; Publish time AUCO—t Effect (95% CI) Weight
Chen L.(M250). 2021 + -1537.92 (-1959.87, -1115.97) 12.67
1
Chen L.(G250). 2021 ——i—b— -1467.41 (-1852.59, -1082.23) 15.21
Gao R. (M250) 2021 —E—+— -1200.00 (-1952.52, -447.48) 3.98
Gao R. (G250). 2021 —E—+— -1320.00 (-2010.83, -629.17) 4.73
Huang X. (M250). 2020 —'E-b— -1476.50 (-2112.40, -840.60) 5.58
Huang X. (G250). 2020 —4-5-— -1653.30 (-2221.67, -1084.93) 6.98
Chen L.(M250). 2019 —E+— -1288.80 (-1747.24, -830.36) 10.74
|
Chen L.(G250). 2019 -i—+— -1156.30 (-1638.84, -673.76) 9.69
Sun ML. (M250).2023 —ﬁ—i— -1794.77 (-2233.80, -1355.74) 11.71
Sun ML. (G250).2023 _—— E -2063.36 (-2461.46, -1665.26) 14.24
Sun ML. (M850). 2021ab E -1786.69 (-2856.95, -716.43) 1.97
Sun ML. (G850). 2021ab E -2086.55 (-3208.56, -964.54) 1.79
Urban LE. (G850). 2018 E -2118.00 (-3896.40, -339.60) 0.71
Overall, IV (I = 16.7%, p = 0.276) @ -1568.08 (-1718.29, -1417.87) 100.00
T
-5000 0
Under fasting states Under fed states

Fig. 2. Effects of high-fat, high-calorie meals on AUCy_ of metformin hydrochloride tablets.
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Frist author; Drug; Publish time AUCO—w Effect (95% CI) Weight
Chen L.(M250). 2021 —E—+— -1532.89 (-1956.67, -1109.11) 9.06
Chen L.(G250). 2021 —E—*— -1467.02 (-1855.72, -1078.32) 9.38
Gao R. (M250) 2021 E -1160.00 (-1905.13, -414.87) 6.25
Gao R. (G250). 2021 E -1330.00 (-2016.63, -643.37) 6.72
Huang X. (M250). 2020 E -1475.30 (-2118.44, -832.16) 7.08
|
Huang X. (G250). 2020 —4:— -1648.00 (-2223.56, -1072.44) 7.67
Chen L.(M250). 2019 —i—#— -1282.11 (-1746.73, -817.49) 8.68
Chen L.(G250). 2019 E—*— -1145.89 (-1640.91, -650.87) 8.40
Sun ML. (M250).2023 —+—E— -1802.08 (-2244.52, -1359.64) 8.88
Sun ML. (G250).2023 —+—E 204481 (-2446.13, -1643.49) 9.26
Sun ML. (M850). 2021ab E -1787.09 (-2857.08, -717.10) 4.21
Sun ML. (G850). 2021ab E -2114.69 (-3239.29, -990.10) 3.95
Sambol NC. (G850). 1996 —_— E -2420.00 (-2678.04, -2161.96) 10.47
|
Overall, DL (I’ = 73.6%, p = 0.000) <> -1638.08 (-1913.60,-1362.57)  100.00
T
-2000 0
Under fasting states Under fed states
NOTE: Weights are from random-effects model
Fig. 3. Effects of high-fat, high-calorie meals on AUCy_., of metformin hydrochloride tablets.
%
Frist author; Drug; Publish time Cmax Effect (95% CI) Weight
Chen L.(M250). 2021 E—‘— -329.70 (-404.69, -254.71) 7.73
Chen L.(G250). 2021 E —_— -316.80 (-385.22, -248.38) 7.81
Gao R. (M250) 2021 E —_— -270.00 (-388.10, -151.90) 7.03
Gao R. (G250). 2021 E—#— -302.00 (-404.27, -199.73) 7.31
Huang X. (M250). 2020 —E—*— -344.00 (-428.15, -259.85) 7.60
Huang X. (G250). 2020 —E—*— -335.40 (-428.17, -242.63) 7.46
Chen L.(M250). 2019 E — 271.58 (-358.39, -184.77) 756
Chen L.(G250). 2019 E — -265.67 (-337.49, -193.85) 7.77
Sun ML. (M250).2023 —*:r— -410.29 (-481.65, -338.93) 7.78
Sun ML. (G250).2023 —»—E -462.86 (-519.60, -406.12) 7.95
Sun ML. (M850). 2021ab —_— E -615.80 (-794.62, -436.98) 5.88
Sun ML. (G850). 2021ab —_— E -639.26 (-822.74, -455.78) 5.80
Urban LE. (G850). 2018 E -626.00 (-903.75, -348.25) 4.18
Sambol NC. (G850). 1996 —_ E -610.00 (-645.78, -574.22) 8.15
Overall, DL (I’ = 92.8%, p = 0.000) <> -401.46 (-482.10, -320.83) 100.00
T
-1000 0

Under fasting states
NOTE: Weights are from random-effects model

Under fed states

Fig. 4. Effects of high-fat, high-calorie meals on Cp,,x of metformin hydrochloride tablets.
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%
Frist author; Drug; Publish time Tmax Effect (95% CI)  Weight
Chen L.(M250). 2021 —i—*— 1.00 (0.52, 1.48) 3.47
Chen L.(G250). 2021 —i—*— 1.00 (0.62, 1.38) 5.43
Gao R. (M250) 2021 —*i— 0.63(0.23, 1.02) 5.17
Gao R. (G250). 2021 —1:*— 0.75(0.33, 1.17) 438
Huang X. (M250). 2020 —i*— 0.80(0.24, 1.36) 2.56
Huang X. (G250). 2020 -—*—i— 0.50 (-0.06, 1.06) 2.55
Chen L.(M250). 2019 ——*—:r 0.25 (-0.25, 0.75) 3.22
Chen L.(G250). 2019 E ——— 1.53(1.00, 2.06) 2.86
Sun ML. (M250).2023 —i—*— 0.97 (0.53, 1.41) 4.06
Sun ML. (G250).2023 —i—*— 0.97 (0.45, 1.49) 2.89
Sun ML. (M850). 2021ab —i—*— 0.97 (0.53, 1.41) 4.11
Sun ML. (G850). 2021ab —i*— 0.82 (0.37,1.27) 3.88
Urban LE. (G850). 2018 —i*— 0.80(0.19, 1.41) 2.12
Sambol NC. (M850). 1996 —O-E 0.61 (0.49, 0.73) 53.31
Overall, IV (I' = 45.1%, p = 0.034) 0.72 (0.63,0.81)  100.00
T T
-2 0 2
Under fasting states Under fed states
Fig. 5. Effects of high-fat, high-calorie meals on T, of metformin hydrochloride tablets.
Risk Ratio %
Frist author; Drug; Publish time Adverse reactions (95% CI) Weight
Chen L.(M250+G250). 2021 —_———— 0.57 (0.19, 1.76) 1126
Gao R. (M250) 2021 < - 0.20 (0.01, 3.96) 322
Gao R. (G250). 2021 + 5 0.33 (0.01, 7.80) 161
Huang X. (M250). 2020 —e—'-— 0.67 (0.12, 3.69) 483
Huang X. (G250). 2020 - 2.00 (0.19, 20.82) 1.61
Sun ML. (M250).2023 —tf—— 1.17 (0.39, 3.48) 8.16
Sun ML. (G250).2023 —4{‘— 0.78 (0.23, 2.66) 8.16
Sun ML. (M850). 2021ab —H— 0.93 (0.53, 1.64) 24.14
Sun ML. (G850). 2021ab —ﬁ.— 1.06 (0.64, 1.76) 25.75
Urban LE. (G850). 2018 —FO— 1.14 (0.49, 2.65) 11.26
Overall, MH (I’ = 0.0%, p = 0.942) <> 0.92 (0.68, 1.23) 100.00
T T

0078125

Under fasting states
NOTE: Weights are from Mantel-Haenszel model

128

Under fed states

Fig. 6. Effects of high-fat, high-calorie meals on safety (adverse reaction) of metformin hydrochloride tablets.
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high-fat, high-calorie meal slows the absorption of metformin.

The pooled adverse reaction did not show significant differences under fasting conditions and postprandial conditions (RR = 0.92,
95%CI: 0.68-1.23, I> = 0.0%; p = 0.942; z = —0.582, p = 0.561) (Fig. 6). There was only one Grade II adverse reaction reported in each
of two fasting and three postprandial clinical trials, while the severity of other adverse reactions was Grade I. The pooled Grade II
adverse reaction did not show significant difference under fasting conditions and postprandial conditions (RR = 2.35, 95% CI:
0.45-12.19, I* = 0.0%; p = 0.928; z = 1.017, p = 0.309) (Supplementary, Appendix 4). In all included clinical trials, physical
intervention (cold compress, physical cooling) and medication (upper respiratory tract infection) were performed on only two par-
ticipants with grade II adverse reactions. All adverse reactions recovered except for two participants who were lost to follow-up. There
were no unsolicited adverse events or serious adverse events in any of the included clinical trials. It could be safely concluded that MH
is safe and well tolerated both under fasting and postprandial conditions. However, it was prudent to infer that there was no significant
difference in adverse events between postprandial and fasting trials because of the small sample size.

3.4. Investigation of heterogeneity sources with subgroup analysis and meta-regression

Subgroup analysis revealed that different dosage of MH was source of AUCy_ ., heterogeneity (Supplementary, Appendix 5,
5.1-5.5, Figures A-E). The pooled AUC (_, of the low-dose (250 mg) subgroup was decreased by about 30.34% at —1544.50 ng h
mL™! (95% CI: —1699.59 to —1389.42 ngh mL™Y; 12 = 29.2%, p=0.176; z = —19.519, p < 0.001), while the pooled AUC (_, , of the
high-dose (850 mg) subgroup was decreased by about 23.41% at —2372.39 ng h mL ™! (95% CI: —2617.22 to —2127.56 ng h mL~?; I?
= 0.0%, p = 0.477; z = —18.992, p < 0.001) (Supplementary, Appendix 5, 5.1, Figure A). However, none of different doses or for-
mulations of MH, average age, BMI, or race of participants was attributed to sources of Cpax heterogeneity. (Supplementary, Ap-
pendix 6, 6.1-5, Figure A-E).

In the multivariate meta-regression model, heterogeneity of AUCy._, ., was attributed to gender composition of the included studies
[tau® = 0, I? res = 0.00%, adjusted R?> = 100.00%, Model F (3,9) = 13.67. Coef. = —2854.34 (95% CI: —5087.22 to —621.45), t =
—2.89, p = 0.018, in random-effects model]; dosage of MH and gender composition contributed heterogeneity to Cmax [tau® = 1308, I?
res = 39.60%, adjusted R?= 91.10%, Model F (3,10) = 19.08. Dosage: Coef. = —0.46 (95% CI: —0.73 -0.19), t = —3.81, p = 0.003;
Rate of male: Coef. = —405.80 (95% CI: —795.02 to —16.58), t = —2.32, p = 0.043 in random-effects model].

3.5. Sensitivity analysis

Sensitivity analysis of AUCp_t, AUCy-«, Cmax, and safety (adverse reactions), using the leave-one-out method revealed that the
results obtained when omitting each study were similar to those obtained when all studies were included (Supplementary, Appendix 7,
7.1-7.3 Figure A-C, and 7.5 Figure E). As such, sensitivity analysis indicated that the results were stable. Notably, sensitivity analysis
revealed that the result of Tpy,x was unstable since the result obtained when omitting Sambol NC (M850, 1996) has a significant change
from that obtained when all studies were included (Supplementary, Appendix 7, 7.4 Figure D).

3.6. Publication bias

Although the funnel plots look asymmetrical (Supplementary, Appendix 8), the Egger’s regression test (p = 0.896 for AUCy_,p =
0.051 for AUC(_, 0, p = 0.120 for Cppax, p = 0.059 for Tpax, and p = 0.134 for adverse reactions) and Beg’’s test (p = 0.855 for AUCq_, p
= 0.760 for AUCy_ 0, p = 0.584 for Cpax, p = 0.913 for Tpax, and p = 0.107 for adverse reactions) reveal that there is no publication
bias (Table 3).

4. Discussion
4.1. Summary of main findings

In this study, a high-fat, high-calorie diet decreased AUC(_,t, AUCp «, and Cpax by approximately 30.21%, 28.00%, and 40.38%,
respectively, and delayed Tpax by approximately 29.42%. These findings show that a high-fat, high-calorie meal decreased metformin
absorption’s extent and rate while also slowing it down. However, the 2 values for pooled AUCy_, », and Cpax Were 73.6% and 92.8%,
respectively, which was quite heterogeneous. These findings suggest that it is necessary to increase the dosage of MH in order to
maintain the same treatment effect when administration of MH after a high fat, high calorie diet.

Subgroup analysis revealed that different dosage of MH was source of AUCy_,, heterogeneity. As per the results of meta-regression
analyses, gender composition of the included studies was another important source of heterogeneity in AUC(_, . The meta-regression
analyses identified heterogeneity in Cp,x Was attributed to dosage of MH and gender composition (accounting for 91.10% of het-
erogeneity). The findings demonstrated that the impact of a high-fat, high-calorie diet on AUCy_,, and Cyax Was more pronounced in
the low-dose subgroup than in the high-dose subgroup (AUC_, o: 30.34% vs. 23.41%; and Cpax: 42.24% vs. 38.25%). However, there
was no statistically significant difference when stratified by formulation. Heterogeneity in the primary metformin pharmacokinetic
parameters cannot be attributed to age, gender, BMI, and race of participants. The findings demonstrated that there is no significant
correlation between the impact of a high-fat, high-calorie diet on the primary metformin pharmacokinetic parameters and gender
composition, average age, BMI, race of participants, in the included studies.

In addition, the pooled adverse reaction did not show significant statistical difference under fasting and postprandial conditions
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Table 3

Egger linear regression and Begg rank correlation.
Item Egger linear regression Begg rank correlation

Coef. t p 95%CI Adj. Kendall score (P-Q) SD Fy p'

AUCq_¢ —0.12 —0.13 0.896 —2.13-1.88 —4 16.39 0.18 0.855
AUC_ 2.84 2.19 0.051 —0.02-5.70 6 16.39 0.31 0.760
Crnax 3.58 1.67 0.120 —1.08-8.25 -11 18.27 0.55 0.584
Tmax 1.26 2.08 0.059 —0.06-2.58 3 18.27 0.11 0.913
Adverse reactions —0.58 -1.67 0.134 —1.38-0.22 -19 11.18 1.61 0.107

Note: AUC = area under the curve, C,,x = peak plasma concentration, Tp,,x = time to peak plasma concentration. CI = confidence interval, SD =
standard deviation of score; 1, z and p values were continuity corrected.

(RR = 0.92, 95%CI: 0.68-1.23). It might be attributed to the better safety and tolerance of MH both under fasting and postprandial
conditions. In conclusion, the issue of the small sample size should be taken into consideration with caution.

4.2. Comparison with the existing literature

Effects of diet on the pharmacokinetics and safety of MH have been rarely reported. In 2016, National Medical Products Admin-
istration (NMPA) required that all generic drugs should be evaluated and compared for consistency in quality and efficacy with the
innovative drug, and bioequivalence should be proven under both fasting and postprandial conditions [27,28]. This new regulation
promotes research into the effects of diet on the pharmacokinetics and safety of MH.

The instruction manual of Glucophage mentioned that pharmacokinetics parameters of the drug (850 mg) were affected by food,
including a 40% lower Cpax, @ 25% lower AUC, and a 35-min prolongation of Ty, [17]. Sambol et al. reported that compared with the
fasting state, the Tpax was delayed by 37 min, the Cpax was 39% lower, and the AUC was 24% lower when MH (850 mg) was
administered after a high-fat, high-calorie breakfast in 24 healthy participants [29]. In the present study, the pooled mean Cyax and
AUCy-,, of the high-dose (850 mg) subgroup were decreased by approximately 38.25% and 23.41%, respectively, and the pooled
mean Tp,x was delayed by approximately 0.65 h (95% CI: 0.54-0.76 h) (our calculation results). The results of this study were
generally consistent with the instruction manual of Glucophage and the study by Sambol and his colleagues.

Huang et al. reported that when comparing the main pharmacokinetics parameters in both fed and fasting states, Trax of MH (0.25
g) produced by Chongging Kerui Pharmaceutical (Group) Co., Ltd. And Glycoran (0.25 g) manufactured by Nippon Shinyaku Co., Ltd.
in Japan was delayed by approximately 1 h and 0.5 h, respectively, the mean Cyax was decreased by about 41%, and the mean AUC of
the two formulations was significantly reduced by about 28% and 31%, respectively [19]. In the present study, the pooled mean Tpax
of the low-dose (250 mg) subgroup was delayed by about 0.84 h (95% CI: 0.69-0.99 h)(our calculation results), and the pooled mean
Cmax, AUCo_¢, and AUCy.,, were decreased by approximately 42.24%, 30.78%, and 30.34%, respectively, under postprandial con-
ditions compared with those observed under the fasting conditions. The results of this study were consistent with those of Huang et al.,
which suggests that a high-fat, high-calorie diet may lower the extent and rate of absorption of low-dose of MH (250 mg). Pharma-
cokinetic parameters of the drug were affected by food.

The Instruction manual mentioned that Glucophage should be taken with meals in order to reduce its side effects [17]. However, in
the present study, the pooled adverse reaction did not show a significant difference under fasting conditions and postprandial con-
ditions (RR = 0.92, 95%CI: 0.68-1.23). In our opinion, this observation may be related to the higher safety and well tolerance of MH
both under fasting and postprandial conditions. MH does not generally cause hypoglycemia in healthy participants since it increases
endogenous glucose production in non-diabetic individuals [30,31]. The main side effects of MH are gastrointestinal reactions [30].
However, caution is needed regarding this conclusion due to the small sample size of the study.

4.3. Strength and limitations

Although there have been many bioequivalence trials of MH [32-39], few studies have addressed the effects of food on MH
metabolism and safety [19,29]. The NMPA requires that the consistency evaluation of generic drugs must demonstrate bioequivalence
and safety in both fasting and postprandial conditions before approval, which makes it easier to study the effects of diet on the
pharmacokinetics and safety of MH [,27,28]. The strength of this study is that it is the first systematic review and meta-analysis of the
effects of high-fat, high-calorie meals on the pharmacokinetics and safety of MH. The effects of diet on the pharmacokinetics and safety
of MH were confirmed by scientific methods and rigorous logical reasoning.

The instructions for MH call for simultaneous use with food, and thus the issue of the effects of food on pharmacokinetics (ADME)
and the safety of MH is particularly important for patients with type 2 diabetes and endocrinologists. This study suggest that it is
necessary to increase the dosage of MH in order to maintain the same treatment effect when administration of MH after a high fat, high
calorie diet. The results of this study have guiding significance for MH in patients with type 2 diabetes.

There were several limitations in this study, which include the following: (1) Currently, there is not enough of randomized, two-
period, two cross-over, single-dose clinical trials under fasting and postprandial conditions in the same healthy adult participants. We
had to conduct systematic reviews and meta-analyses using contemporaneous clinical trials of pharmacokinetic, bioavailability, or
bioequivalence and safety under fasting and postprandial conditions in the participants without significant statistical differences of
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demographic characteristics at the baseline. (2) The sample size included in this study is small. (3) Although FDA-approved dosages for
MH are 500 mg, 850 mg and 1000 mg, the formulations of 500 mg and 1000 mg were not included in this study due to the lack of
pharmacokinetic and safety data under both fasting and postprandial conditions [35]. Hopefully, more clinical data will fill in the gaps.
(4) In addition to high-fat and high-calorie meals, there are also low-protein, low-fat, and low-carbohydrate diets [40]. As FDA defined
a high-fat, high-calorie diet as the standard diet in phase I clinical trials [26], there is currently a lack of the effects of low-protein,
low-fat, and low carbohydrate diet on the pharmacokinetics and safety of MH in healthy volunteers. (5) Due to language limita-
tions, this study only included studies written in English and Chinese. Most of the clinical trials we included were conducted in China.
(6) Sensitivity analysis revealed that the result of Ty,x was unstable. Study of #10 differs from other studies in that only male par-
ticipants, 4-period crossover trial (similar to study of # 9), low Tp,ax variability, and other potential factors may be responsible for the
instability of Tpax.

5. Conclusions and implications

Pharmacokinetics parameters of MH were affected by food. High-fat, high-calorie diet lowered the extent and rate of absorption,
while slowing the absorption of metformin. The dosage and gender impact the effects of high-fat, high-calorie diet on AUCy_, and
Cmax- These findings suggest that it is necessary to increase the dosage of MH in order to maintain the same treatment effect when
administration of MH after a high fat, high calorie diet.

Food had little effect on the safety of MH, which may be related to the fact that the drug was well tolerated and safe under both
fasting and postprandial conditions. However, caution is needed regarding this conclusion due to the small sample size of the study.
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