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Abstract

Metformin, an anti-diabetes drug, has been recently emerging as a potential “anti-aging”

intervention based on its reported beneficial actions against aging in preclinical studies.

Nonetheless, very few metformin studies using mice have determined metformin concentra-

tions and many effects of metformin have been observed in preclinical studies using doses/

concentrations that were not relevant to therapeutic levels in human. We developed a liquid

chromatography-tandem mass spectrometry protocol for metformin measurement in

plasma, liver, brain, kidney, and muscle of mice. Young adult male and female C57BL/6

mice were voluntarily treated with metformin of 4 mg/ml in drinking water which translated to

the maximum dose of 2.5 g/day in humans. A clinically relevant steady-state plasma metfor-

min concentrations were achieved at 7 and 30 days after treatment in male and female

mice. Metformin concentrations were slightly higher in muscle than in plasma, while, ~3 and

6-fold higher in the liver and kidney than in plasma, respectively. Low metformin concentra-

tion was found in the brain at ~20% of the plasma level. Furthermore, gender difference in

steady-state metformin bio-distribution was observed. Our study established steady-state

metformin levels in plasma, liver, muscle, kidney, and brain of normoglycemic mice treated

with a clinically relevant dose, providing insight into future metformin preclinical studies for

potential clinical translation.

Introduction

Metformin is the first-line drug for the treatment of type 2 diabetes mellitus with a favorable

risk/benefit profile. In recent years, metformin has been drawing increasing attention for its

potential beneficial effects of cardiovascular protection [1], cancer management [2, 3], coun-

teracting liver lipids accumulation [4], and longevity (NCT 02432287, 01765946, 02745886 at
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https://clinicaltrials.gov/). Nonetheless, there is emerging preclinical and clinical evidence that

not all individuals on metformin will derive the same benefit and some might develop side

effects [5]. The very recent MASTERS trial demonstrated that metformin treatment blunts

muscle hypertrophy in response to progressive resistance exercise training in older adults, sug-

gesting that favorable effect of metformin on lifespan may not even translate to benefit in all

tissues [6].

Metformin’s effects on aging and aging-related diseases have been extensively explored in

preclinical studies using different doses and concentrations. Most often, the in vitro studies use

metformin concentrations ranging from μM to mM [7]. Many effects of metformin have been

observed in mouse studies using doses that were not relevant to therapeutic levels in human.

Most of the studies often fail to establish a direct correlation of the beneficial or detrimental

effects with metformin concentrations due to lack of metformin measurement. Our under-

standing of the mechanisms underlying the action of metformin has dramatically evolved

recently, including AMPK activation [8, 9], inhibition of mitochondrial complex I, and mito-

chondrial glycerophosphate dehydrogenase [10, 11]. There is increasing indication that these

actions of metformin might be dose/concentration-dependent [7]. Thus, the outcome parame-

ters after metformin treatment needs to be directly correlated with the dosages as well as actual

concentrations of metformin in the organ of interest.

Metformin is widely distributed into different organs, including intestine, liver, skeletal

muscle, and brain, and excreted unchanged mainly through kidney [12]. Metformin uptake in

different tissues depend on the expression of plasma membrane transporter which could fluc-

tuate between three-to tenfold, leading to dramatic different metformin levels in different

organs [13]. Bio-distribution of metformin has been studied in rodents using 11C-metformin

PET imaging in which metformin was found to accumulate in intestine, kidney and liver at

much higher concentrations than in plasma after single intravenous administration [14, 15].

Similar PET bio-distribution pattern of 11C-metformin has also been observed in human after

single intravenous or oral administration [16]. Nonetheless, tissue metformin levels are rarely

measured in both preclinical and clinical studies. In the present study, we treated C57BL/6J

normoglycemic mice with metformin in a clinically relevant paradigm and metformin bio-dis-

tribution in the plasma, liver, kidney, muscle, and brain was determined by a LC-MS/MS

methods established and verified in the laboratory.

Materials and methods

Chemicals and reagents

Metformin hydrochloride (Catalog Number:151691, >98.0% purity) was purchased from MP

Biomedicals (Solon, OH). 1,1-Dimethyl-d6-biguanide HCL (Metformin-D6 hydrochloride,

CAS:1185166-01-1, 98.5% purity) was purchased from CDN Isotopes (Pointe-Claire, Quebec,

Canada). Methanol Optima™ (Catalog Number: A456), Acetonitrile Optima™ (Catalog Num-

ber: A955), Formic Acid Optima™ (Catalog Number: A117) and Ammonium Acetate Optima™
(Catalog Number: A11450) were LC-MS grade and purchased from Fisher Scientific (Pitts-

burgh, PA). Ultra-pure water was obtained from a Milli-Q Plus water purification system

(Millipore, Bedford, MA).

Animals and metformin treatment

Procedures for animal treatment were approved by the University of North Texas Health Sci-

ence Center Institutional Animal Care and Use Committee. C57BL/6J mice (male and female,

2.5-months old) were purchased from the Jackson Laboratory (Bar Harbor, ME), housed sin-

gly in clear polycarbonate cages at 23 ± 1˚C under a 12-hour light/dark cycle, and fed ad
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libitum. Total 24 mice including 12 male and 12 female mice were used for this project. Met-

formin hydrochloride (Sigma-Aldrich, St. Louis, MO) was added to drinking water (4 mg/ml),

and mice were allowed to drink ad libitum. Water intake and body weights were measured

during the 5-days after treatment. At 7 or 30 days after treatment, water intake was withheld

for 4 hours, and then mice were anesthetized using isoflurane inhalation anesthesia, and blood

was collected in EDTA tubes via cardiac puncture. Isoflurane (#NDC-66794-017-25; Piramal

Healthcare, Boston, MA, USA) anesthesia induction was conducted in the open drop chamber.

Further, during cardiac puncture anesthesia was maintained using a 15 ml tube nose cone.

The procedure of cardiac puncture was carried out without opening the chest using 22-gauge

needle attached to 1 ml syringe. The needle was inserted just below left end of sternum, push-

ing horizontally, towards the heart until blood is noticed in the syringe. The cardiac puncture

and blood collection procedure was completed in less than one minute under maintenance

anesthesia. The tubes were centrifuged at 10,000 X g for 15 min, and supernatant plasma was

collected and snap-frozen in liquid nitrogen. Immediately after cardiac puncture, the mouse

was euthanized with cervical dislocation followed by perfusion with cold normal saline to

remove remaining blood from the organs. The liver, kidney, brain, and muscle were collected

and snap-frozen in liquid nitrogen. All samples were stored in -80 ˚C freezer until further

assessment.

Sample preparation

Since metformin does not bind to proteins, a single-step protein-precipitation extraction pro-

cedure was adopted to extract metformin from mouse tissues and plasma. All standards and

Quality control samples, and study samples processed with the same procedure as followings.

All metformin-treated tissues (liver, brain, kidney, muscle) and blank tissues for preparation

of standard curve and quality control samples were homogenized in 1:15 Milli-Q water using

GLH-01 homogenizer and Sonic Ruptor 250 ultrasonic homogenizer (OMNI international the

homogenizer company, Kennesaw, GA). To the 40 μl of mouse tissue homogenate or 20 μl of

mouse plasma, 50 μl of metformin-D6 (250 ng/ml) was added, and vortexed for 2 minutes,

then 300 μl of acetonitrile was added and vortexed for 5 minutes. This mixture was then centri-

fuged at 16,000 X g for 10 minutes. The supernatant was transferred into 1.9 ml glass autosam-

pler vials (catalog number:03-391-8, 03-391-9, Fisher brand, Fisher Scientific, Pittsburgh, PA)

before adding 1.0 ml of mobile phase A (2 mM Ammonium acetate in water). An aliquot of

5 μl of the diluted supernatant was directly injected on LC-MS/MS.

Liquid chromatographic and instrumentation conditions

LC-MS/MS system was performed using an Agilent 1260 Infinity HPLC and HiP ALS (Auto-

sampler) coupled with Agilent 6460 triple quadrupole mass spectrometer with a Jet Stream

electrospray ionization source (Agilent Technologies, Santa Clara, CA). All data were acquired

employing Agilent Mass Hunter software 7.0. Separation of Metformin from tissue or plasma

samples was achieved at ambient temperature on Waters XBridge C18 column (3.0 x 50 mm,

3.5 μm). The mobile phases consist of 2 mM ammonium acetate buffer in water as mobile

phase A and 100% acetonitrile as mobile phase B in a gradient run at a flow rate of 0.35 ml/

min. The run started initially at 5% mobile phase B for 1.0 minute, then from 5% to 95%

mobile phase B for 1.0 minute, and 95% mobile phase B for 1.0 minute and post-run staying at

5% for 1.0 minute. The total run time is 3.0 minutes, post-run 1.0 minute, and the MS scan

window was set between 0.5–1.5 minutes. The mass spectrometer was operated in a positive

mode using multiple reaction morning (MRM) with an ion spray voltage at +3.5 kV, the gas
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temperature at 325 ˚C, drying gas at flow-rate of 8 Lmin−1, nozzle voltage 500 V. The opti-

mized MRM, fragmentor, and collision energy parameters are presented in S1 Table.

Preparation of calibration curve and quality control samples

All blank tissues or metformin-free tissues (liver, brain, kidney, muscle) for preparation of

standard curve and quality control samples were homogenized in 1:15 Milli-Q water using

GLH-01 homogenizer and Sonic Ruptor 250 ultrasonic homogenizer (OMNI international the

homogenizer company, Kennesaw, GA). All blank plasma or metformin-free plasma were

ready for preparation of calibration standards and quality control samples.

A stock solution of metformin was prepared in 50% methanol-water to give a final concen-

tration of 120 μg/ml. The solution was then serially diluted with 50% methanol-water to obtain

standard working solutions over a concentration range of 0.2–120 μg/ml. All solutions were

stored at -20 ˚C. Calibration standard solutions were prepared by spiking 190 μl of a blank

mouse tissue homogenate or blank mouse plasma with 10 μl of a metformin standard solution

(ratio 19:1) to give a metformin concentration range of 10–6,000 ng/ml. The quality control

(QC) samples, which were used both in the validation study and during each experimental run

of the tissue distribution study, were prepared in the same manner as the standard calibration

samples.

To the 40 μl of calibration standards and quality control samples in tissue homogenate or

20 μl of calibration standards and quality control plasma samples, 50 μl of metformin-D6 (250

ng/ml) was added, and vortexed for 2 minutes, then 300 μl of acetonitrile was added and vor-

texed for 5 minutes. This mixture was then centrifuged at 16,000 X g for 10 minutes. The

supernatant was transferred into 1.9 ml glass autosampler vials (catalog number: 03-391-8, 03-

391-9, Fisher brand, Fisher Scientific, Pittsburgh, PA) before adding 1.0 ml of mobile phase A

(2 mM Ammonium acetate in water). An aliquot of 5 μl of the diluted supernatant was directly

injected on LC-MS/MS.

Results and discussion

Optimization of LC-MS/MS conditions

Electrospray ionization (ESI) was selected for the ionization source of the present LC-MS/MS

study because it provided strong signal intensity for metformin and metformin-D6. The most

abundant ion in the product ion mass spectrum was m/z 60.2 for metformin. MS conditions,

including capillary temperature, spray voltage, source CID, and collision pressure, did not sig-

nificantly influence the MS behavior of the metformin and were maintained at the auto-tuned

values. We adopted two ion pairs in monitoring metformin and used metformin-D6 to

improve the precision of the analytical method. It is crucial to have good resolution and sepa-

ration in chromatography, together with the use of quantifiers and qualifiers to confirm met-

formin and potentially existed interferences. So two MRM transitions for metformin were

monitored to provide sufficient identification of metformin: the quantifier was used for all val-

idation parameters and the qualifier was used for the confirmatory analysis of metformin [17].

The most prominent precursor–product transition ion m/z 60.2 was used as quantifiers for

quantification; the second most abundant transition ions m/z 71.2 were used as qualifiers to

confirm the presence of metformin in the samples (Fig 1). By monitoring the ion ratio for tis-

sue and plasma samples, we are able to identify any unexpected interference or co-eluted

peaks, which could cause the ion ratio to fail.

There is much interest in structural studies of metformin tautomerization [18]. Tautomeri-

zation is exploring the relationships between the structure and molecular mechanism of met-

formin’s extraordinarily diverse biological activities. Tautomerism in bioactive compounds
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plays a crucial role in the orientation of bioactivity of drugs that have found wide application

in drug design. In order to understand the mechanism of action, tautomeric representations of

drug molecules need to be in their most appropriate form. X-ray crystal structure analysis and

various spectroscopic studies such as UV,1H, and15N NMR have confirmed that metformin

as one of the biguanides exists as tautomer [19–21].

Fig 1. A. Metformin and B. metformin-D6 fragmentation ion scans. Y-axis is Relative intensity (cps); X-axis is mass-to-charge (m/

z). Red arrow indicates peak for m/z 60.2, pink arrow indicates peak for m/z 71.2.

https://doi.org/10.1371/journal.pone.0234571.g001
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In the initial sample preparation, we applied acetonitrile to precipitate protein in homoge-

nate and plasma samples, and then dilute supernatant with 0.1% formic acid in water. We

observed the distorted peak shape in all tissue extracts but not in plasma extract. Decreasing or

increasing the composition of the mobile phase dilution solution had no improvement to the

peak shape. We monitored void volume during method development. The extracted samples

using protein precipitation method typically contained large amount of organic solvent, which

is not compatible with the initial 95% of aqueous mobile phase composition. Hence, we diluted

the extract with large volume of mobile phase A to keep highly polar metformin in aqueous

solution. To avoid metformin elute in solvent front in void area around 0.7min, we applied

high resolution C18 column and 95% 2 mM ammonium acetate solution for 1.0 minute as

post-run and initial run to re-equilibrate the column, and applied 95% acetonitrile for 1.0 min-

ute to elute other non-polar interferences or co-eluting compounds if there were any. Re-equi-

librium of the column for 1.0 minute in post-run is able to give consistent metformin

chromatography at retention time 0.89 min, well separated from void area.

During sample preparation, we initially tried 0.1% HCOOH as dilution solution; we

observed random peak split for metformin in study samples. Metformin-D6 also exhibited

similar peak split or distortion. Previous reports indicated, majority methods used ammonium

formate or ammonium acetate solution, adjusted the pH with formic acid as mobile phase (dis-

cussed later in Table 4). In pursuit of symmetric peak shape as well as retention time away

from solvent front, we decided to use ammonium acetate not only as dilution solution but also

as the mobile phase in sample preparation. This adjustment helped pushing the run further

away from the solvent front. Initially, we tried 10 mM ammonium acetate as dilution solution

and mobile phase A. Although, the LC system built up salt quickly decreasing the MS signal

when injecting multiple samples over time, yet, we always got uniform and sharp peak shapes.

Then we narrowed down to enough volume of 2 mM ammonium acetate as dilution solution

and mobile phase A obtaining uniform and sharp peaks without compromising instrument

performance. Hence, we decided to use 2 mM ammonium acetate as mobile phase and dilu-

tion solution. It is worth noting that adjustment of pH with formic acid in ammonium acetate

solution could give similar results. In our study, we were able to obtain satisfied signals and

good chromatography for the study without a need for pH adjustment.

To further troubleshoot the peak distortion and split observed with both metformin and

metformin-D6; we used HPLC-TOF-MS and confirmed that the metformin itself underwent

split or tautomerism. The peak distortion has been reported in several papers regardless of the

column or mobile phase used [22, 23]. The peak distortion could cause peaks merging into

void peak area, and that is also the reason we strived to improve peak shape in method

development.

We predicted that tautomerization could occur during the sample preparation, and 2 mM

ammonium acetate buffer was the best option to control the pH of metformin extract as met-

formin pH in water was around 6.68 (pKa 12.4) which yielded single and symmetric peak

shapes and reproducible and sensitive signals in all tissue extracts. The 2 mM ammonium ace-

tate in the water at 5% composition as initial mobile phase composition gave metformin and

metformin-D6 at retention time 0.89 minutes and was reproducible in the entire run (Fig 2).

Method validation

All data were processed using Mass Hunter Quantitative analysis software version B.07.00

(Agilent Technologies, Santa Clara, CA). The validation of this procedure was performed in

order to evaluate the method in terms of selectivity, carryover assessment, the linearity of

response, accuracy, precision, and matrix effect according to the US Food and Drug
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Administration Guidelines for Industry using six sets of spiked plasma and tissue QC samples

at lowest limit of quantitation concentration (LLOQ, 10 ng/ml), low (LQC, 50 ng/ml), medium

(MQC, 1,000 ng/ml), and high (HQC, 3,000 ng/ml) concentrations on the same day and over

three days [24]. In MRM mode, blank plasma samples and tissue samples from different mice

showed no interference from endogenous tissue or plasma. The typical chromatography of

five different blank matrixes (Plasma, Brain, Muscle, Liver, and Kidney) injected right after the

upper limit of quantitation standard, together with no matrix solvent as well as those spiked

with metformin at the LLOQ (10 ng/ml) are shown in Fig 3. Carryover assessment was evalu-

ated by injecting a double blank following the upper limit of quantitation standard (ULOQ,

6,000 ng/ml) and comparing the signal of this blank with the signal of the preceding LLOQ

standard. No significant carryover or contamination was detected within the calibration range.

The calibration curve was linear over the concentration range of 10–6,000 ng/ml for met-

formin. After comparing the two weighting models (1/x and 1/x2), a regression equation with

a weighting factor of 1/x of the drug to the IS concentration was found to produce the best fit

Fig 2. Variation of Metformin chromatography by A. Metformin tautomerization in terms of proton movement; B. Representative

Chromatographs before and after optimization from left to right: plasma, brain, muscle, liver, and kidney. For each graph, Y-axis:

Intensity abundance (cps) and X-axis: acquisition time (min).

https://doi.org/10.1371/journal.pone.0234571.g002
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for the concentration–detector response relationship for all tissues and plasma. The mean cor-

relation coefficient of the weighted calibration curves generated during the validation

was� 0.995 (S2 Table and S1 Fig).

The results for intra-day and inter-day precision and accuracy in plasma and tissue quality

control samples are summarized in Table 1. The results supported that the method was accu-

rate with an excellent accuracy range of 94.4–104.3%, and the values of CV were all within

Fig 3. Representative MRM LC-MS/MS overlaid chromatogram of metformin at a lower limit of quantitation concentration

and representative individual matrix blank injection after ULOQ. Each individual tissue was represented by colors- green-plasma;

blue-brain; dark green-muscle; brown-liver; red-kidney; black-mobile phase A. Y-axis: Intensity abundance (cps) and X-axis:

acquisition time (min).

https://doi.org/10.1371/journal.pone.0234571.g003

PLOS ONE Metformin bio-distribution in mice treated with a clinically relevant paradigm

PLOS ONE | https://doi.org/10.1371/journal.pone.0234571 June 11, 2020 8 / 20

https://doi.org/10.1371/journal.pone.0234571.g003
https://doi.org/10.1371/journal.pone.0234571


acceptance criteria of� 20% at LOQ level and� 15% for the other concentrations. Overall, all

experiment accuracy values were within the acceptable range of 100 ± 20% at all

concentrations.

The recovery of metformin was determined at three different QC levels (LQC, MQC, and

HQC) by comparing the peak area of metformin from extracted QC samples (n = 6 for each

level) with the peak area of post-extracted blank plasma spiked with metformin at the corre-

sponding concentration. Recovery was measured by following equation,

Recovery ¼ ðPeak area of metformin in QC sample=Peak area of metformin at same
concentration in post � extracted sampleÞ x 100%

The effect of matrix constituents over the ionization of analytes and IS was determined by

comparing the peak area ratios (metformin/metformin-D6) of extracted plasma QC samples

with the peak area ratios (metformin/metformin-D6) of the solution prepared in deionized

water at corresponding concentrations. The calculated Relative Standard Deviation percentage

(RSD%) variation limit was expected to be less than 15%. This determination was performed

at three different concentration levels (LQC, MQC, and HQC, n = 6 each).

MF% ¼ ðPeak area ratio of analyte=IS in extracted samples at QC concentration levels=peak area
ratio of analyte=IS prepared in deionized water at QC concentration levelsÞ x 100%

Table 1. Intra-day and inter-day precision and accuracy of the method in plasma and tissue homogenate spiked with metformin.

Sample Theoretical Concentration (ng/mL) Intraday (n = 6) Inter-days (n = 18)

Mean (ng/ml) Precisiona (% CV) Accuracyb (% bias) Mean (ng/ml) Precisiona (% CV) Accuracyb (% bias)

Plasma 10 11.9 13.87 118.9 10.83 12.96 108.33

50 51.68 8.28 103.36 49.08 6.05 98.16

1,000 1,043.25 14.16 104.32 1019.92 10.66 101.99

3,000 3,056.15 6.48 101.87 3182.41 6.68 106.08

Liver 10 8.44 12.34 84.4 8.48 1.25 84.8

50 52.04 3.87 104.08 48.56 6.3 97.13

1,000 948.1 2.98 94.81 961.16 3.47 96.12

3,000 2,833.16 1.03 94.44 2847.56 5.94 94.92

Brain 10 11.80 12.67 118.00 10.78 18.54 107.8

50 52.48 10.79 104.96 50.91 8.00 101.81

1,000 945.78 1.72 94.58 987.43 1.61 98.74

3,000 3,013.69 6.65 100.46 3201.4 4.87 106.71

Kidney 10 11.26 10.5 112.6 10.64 15.27 106.4

50 47.26 3.03 94.53 54.84 4.4 109.67

1,000 976.42 2.98 97.64 1002.2 0.82 100.22

3,000 2,854.30 2.06 95.14 2889.02 1.04 96.3

Muscle 10 10.70 15.67 107.1 11.25 14.32 112.5

50 48.89 2.44 97.79 45.7 3.43 91.4

1,000 1,000.79 2.51 100.08 1005.76 2.02 100.58

3,000 3,021.40 6.89 100.71 3154.9 5.67 105.16

a: % coefficient of variation (%CV).
b: % difference between the average value and its theoretical value.

LLOQ = 10 ng/ml, LQC = 50 ng/ml, MQC = 1000 ng/ml, HQC = 3000 ng/ml.

https://doi.org/10.1371/journal.pone.0234571.t001
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In our study, the matrix effect was evaluated by analyzing three levels of QC samples (LQC,

MQC, and HQC) for metformin. The matrix effect for plasma was calculated and lay within

the range of 91.2% to 112.9%. The average matrix effect values obtained were < 10% RSD. The

extraction recoveries at three concentration levels ranged from 96.6% to 112.8%. The results

indicated that the protein precipitation method showed a high recovery for metformin in

Table 2. No significant peak-area differences were observed. By applying isotope internal stan-

dards metformin-D6 for quantification in large diluted volume, the matrix effect showed little

effect on the quantitative analysis of metformin. This demonstrated that the method is robust

for metformin and free from interference from the matrix. Therefore, the single-step protein

precipitation procedure and extraction of metformin used in this analytical method was effi-

cient and simple.

The observation of two MRM transitions, indicating the chromatographic peak of the ana-

lyte at the expected retention time and the resulting area ratio (ion ratio) is considered robust

verification criteria (<15%). Expected ion ratios were calculated by averaging the ion ratios of

the standards used for the calibration curve. Sample ion ratio can deviate from the failures

related to integration discrepancy, or signal loss less than LOD or saturation from a single (or

both) MRM transitions in the detector or an interference peak present at the same retention

time as that of the analyte. The ion ratio-matching percentile is to compare the sample ion

ratio to the average ion ratio of the standard curve. In muscle samples, the ion ratio was found

at 92.27 ± 0.45 (Mean ± S.D.). The matching percentile for each sample is from 98.5–100.4%.

The analyte proved to be stable in conditions likely to be present during sample collection,

storage, and processing (S3 Table). All data is shown as mean% of nominal value ± S.D. Stock

and working stocks were stable in the freezer at -20 ˚C for 30 days. The long-term stability for

plasma at -80 ˚C was evaluated and stable for 82 days. Plasma samples can be safely stored at

room temperature on a benchtop up to 8 hours (92.1% to 95.8%). Extracted plasma and tissue

samples were stable at room temperature up to 48 hours (96.3% to 108.7%). Freeze-thaw stabil-

ity studies showed the analyte stable for two freeze-thaw cycles (89.7% to 102.5%), and the

long-term stability studies showed the analyte stable for 82 days at -80 ˚C (95.6% to 112.5%).

Tissue homogenate was analyzed immediately after homogenization.

Bio-distribution of metformin in normoglycemic mice treated with a

clinically relevant paradigm

In preclinical studies, the effects of metformin treatment on aging and aging-related disorders

have been extensively explored in mice with different treatment paradigms, while plasma met-

formin concentrations have been rarely determined. For preclinical studies, it is often conve-

nient and less interruptive to the animals to add medication in drinking water or diet. After

adjusting for body weight, the calculated water intake as ml/kg body weight/day was similar in

males and females. The average body weight adjusted metformin intake was 534.99 +/- 22.12,

518.28 +/- 23.34, 496.05 +/- 14.46, and 518.25 +/- 26.30 mg/kg body weight/day in male 7-day,

Table 2. Matrix effect (% MF) and recovery (%) of QC samples (n = 6) for metformin in spiked mouse plasma.

QC level MF(%) RSD% Recovery (%) RSD%

LQC 91.20% 2.33% 112.80% 9.87%

MQC 103.32% 2.53% 97.90% 6.12%

HQC 112.97% 6.81% 96.60% 9.54%

RSD% = Percentage relative standard deviation.

https://doi.org/10.1371/journal.pone.0234571.t002
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male 30-day, female 7-day, and female 30-day treatment group, respectively (Table 3). The

human equivalent dose was calculated using mice Km = 3 and human Km = 37 as described

previously [25]. The 4 mg/ml metformin treatment was equivalent to ~2.5 g /day dose for a 60

kg human. Consistently, our LC-MS/MS metformin analysis demonstrated that metformin 4

mg/ml in water ad libitum treatment paradigm yielded plasma concentrations in the range of

therapeutic level in patients subjected to maximum dose treatment (Table 3).

The pharmacokinetics of metformin has been well determined in humans. Nonetheless,

many clinical studies determined plasma metformin concentrations with different doses and

mixed genders [26]. Oral doses of 500 to 1,000 mg of immediate-release metformin are rapidly

absorbed and typically yield a peak plasma concentration of 2,000 ng/ml and rarely > 4,000

ng/ml, with a steady-state concentration range of 300 to 1,500 ng/ml [27]. Average steady

plasma metformin concentrations have been found at 1,340 and 1,350 ng/ml after 2,500 mg

daily dose in healthy subjects and diabetic patients, respectively [12, 28]. In 95 diabetic

patients, irrespective of gender, dose, and regularity of intakes, metformin serum concentra-

tions averaged 1,846 ng/ml [29]. In a total of 798 plasma samples from 467 male and female

patients, metformin concentrations have been found to be ~2,700 ng/ml [30]. Metformin

plasma levels higher than 5,000 ng/ml (38.71 μM) are generally found when metformin is

implicated as the cause of lactic acidosis [31]. In our treatment paradigm, steady plasma met-

formin concentrations were 2,926 ± 283.4 ng/ml and 2,853 ± 275.8 ng/ml at 30 days after treat-

ment in male and female mice, respectively, which is within the range of plasma level in

patients subjected to maximum dose treatment.

Interestingly, treatment metformin in diet seems have much higher bioavailability than

metformin treatment in drinking water. Metformin treatments of 0.1% and 1% w/w in diet

yielded serum concentrations of 0.45 and 5 mM, respectively, which are considerably higher

than the plasma concentrations seen in humans treated with metformin [32]. Even intermit-

tent treatment of 1% metformin in diet given every-other-week or 2 consecutive weeks per

month produced serum metformin concentration many folds higher than the recommenda-

tion of maximum plasma metformin concentration of 2,500 ng/ml (~19 μM) from the consid-

erations of lactic acidosis [12, 33].

Table 3. Metformin concentrations in plasma, brain, liver, kidney, and muscle after 7 or 30 days of metformin treatment in male and female mice.

Gender Male Female

Duration of Metformin treatment 7 days 30 days 7 days 30 days

Metformin Intake (mg/kg/day) Calculated

Human (60 kg) Equivalent dose (mg/day)

534.99 ± 22.12

2,602.69 ± 107.60

518.28 ± 23.34

2,521.46 ± 113.55

496.05 ± 14.46

2,412.97 ± 70.36

518.25 ± 26.30

2,521.46 ± 127.95

Metformin

concentration

Plasma(ng/ml)

(μM)

2,385 ± 181.1 (18.46 ± 1.40) 2,926 ± 283.4 @

(22.65 ± 2.19)
1,679 ± 242.0 (13.00 ± 1.87) 2,853 ± 275.8 � , ¶

(22.09 ± 2.14)
Brain (ng/g) 438.3 ± 38.58 509.9 ± 18.17 431.2 ± 24.98 675.1 ± 55.91 $

Liver (ng/g) 7,993 ± 1,603 7,359 ± 589 6,191 ± 1,754 11,129 ± 2,021

Kidney (ng/g) 12,636 ± 1,964 14,350 ± 1,521 11,150 ± 1,860 18,372 ± 1,490 #

Muscle (ng/g) 3,282 ± 478.5 2,923 ± 122.4 3,452 ± 336.1 4,532 ± 471.7 &

� p<0.05, female 30 days plasma vs female 7 days plasma;
$ p<0.05, female 30 days brain vs female 7 days brain and male 30 days brain;
# p<0.05, female 30 days kidney vs female 7 days kidney;
& p<0.05, female 30 days vs male 30 days muscle.
@ p<0.01, male 30 days plasma vs male 30 days brain, liver, kidney;
¶ p<0.01, female 30 days plasma vs female 30 days brain, liver, kidney. n = 6 each group; metformin molecular weight = 129.16 was used to convert plasma ng/ml to μM.

https://doi.org/10.1371/journal.pone.0234571.t003
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Metformin is widely distributed into different organs, including intestine, liver, muscle kid-

ney, and brain, by organic cation transporters (OCTs), and excreted unchanged mainly in the

urine [12]. A similar pattern of metformin biodistribution has been observed in rodents and

humans with higher metformin accumulation in kidney, intestine, and liver than in plasma

using 11C-metformin PET imaging [14–16]. The liver-to-arterial blood and kidney-to-arterial

blood ratios were approximately 5 and 8, respectively, after oral 11C-metformin administration

in healthy human while skeletal muscle 11C-metformin activity only slightly exceeded that in

plasma [16]. We observed that steady metformin concentrations were ~3 and 6 folds higher in

the liver and kidney than in plasma (p<0.01), respectively, after 30-day metformin administra-

tion at 4 mg/ml in drinking water. Similarly, slightly high metformin concentrations were

found in skeletal muscle than in plasma although no significant difference was reached. In

addition, concentration of metformin was low in the brain at less than 20% of the plasma level

(p<0.01) (Table 3). Often plasma levels of drugs are used as drug monitoring, assuming that

the plasma level reflects the accumulation of the drug in various tissues. When analyzed the

data for linear regression between plasma and each of tissues, we observed that plasma metfor-

min concentration was significantly correlated with liver (r2 = 0.339, p = 0.0028) and brain (r2

= 0.4115, p = 0.0007) but not with kidney (r2 = 0.08257, p = 0.2066) or muscle (r2 = 0.1708,

p = 0.0559) (Fig 4).

Most of the clinical studies with plasma metformin measurement did not separate males

and females with few exceptions. After oral administration of 850 mg metformin, maximum

plasma metformin concentration reached 1,208 and 1,341 ng/ml in healthy male and female

subjects, respectively [34]. In type 2 diabetic patients, plasma steady-state metformin concen-

tration reached 1,698 and 1,845 ng/ml in male and female subjects, respectively, after multiple

Fig 4. Linear regression of metformin levels between plasma and different organs (n = 24). Plasma and A. brain, B. liver, C.

kidney, and D. muscle. Y-axis units are ng/g, and X-axis units are ng/ml.

https://doi.org/10.1371/journal.pone.0234571.g004
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doses of 500 mg metformin per 12 hours [35]. In the current study, steady plasma metformin

concentrations were slightly but significantly higher in male mice than in females at 30 days

after treatment. A gender difference of metformin accumulation was also observed in kidney,

brain, and muscle. At 30 days after treatment, metformin concentrations in kidney, brain, and

muscle were significantly higher in females than in males. A trend of higher metformin con-

centration in liver was also found in females than males although no statistical significance

achieved.

Metformin mainly relies on OCTs for absorption and clearance. OCT2 is expressed in kid-

ney which mediates renal clearance of metformin [36]. Interestingly, expression of OCT2 in

kidney is gender-dependent with a much higher level in males than in females [37, 38]. Fur-

thermore, testosterone has been found to increase while estrogen to decrease OCT2 expression

in the kidney [38, 39]. We speculated that gender difference in OCTs expression might con-

tribute to the gender difference of metformin concentrations between males and females. In

addition, gastrointestinal transit tends to be slower in females and is subject to hormonal influ-

ence, which might also play a role in the gender difference of metformin pharmacokinetics

[40].

Our metformin treatment paradigm in the mouse provides guidance for preclinical studies

of metformin on aging and aging-related diseases. Treatment of metformin in drinking water

has been commonly used in mouse studies at the concentrations of 0.5, 2, and 5 mg/ml or final

dose of 50, 100, and 250 mg/kg body weight [41–51]. Treatment of 2 mg/ml metformin in

drinking water has been found to increase survival time in male mouse model of Huntington’s

disease [41], increase motor unit survival in tibialis anterior muscles of female SOD1 amyotro-

phic lateral sclerosis mice without any significant effect on disease onset, progression or sur-

vival in male or female SOD1 ALS mice [48], increase generation of both intracellular and

extracellular Aβ species [46], reduce tau phosphorylation but promote tau aggregation and

exacerbates abnormal behavior in P301S human tau transgenic mice [49, 52], improve loco-

motor function while impair long-term memory in male C57B/L6 mice [50, 53]. Treatment of

5 mg/ml metformin in drinking water significantly reduced Aβ plaque burden and improved

water maze performance in male and female APP/PS1 mice [51]. Treatment of 100 mg/kg/day

metformin in drinking water has been found to increase mean and maximum life span of

female transgenic HER-2/neu mice [42] and female SHR mice [43], decrease mean life span of

male 129/Sv mice while increase mean life span female 129/Sv mice [45]. Treatment of 250

mg/kg/day metformin in drinking water provided most effective protection against metabolic

disorder caused by a high carbohydrate-high fat diet in male CD mice as compared with 50

and 100 mg/kg/day metformin treatment [47]. Given the metformin dose range of 1,000 to

2,500 mg per day in humans, our study suggested that voluntary intake of metformin in drink-

ing water at the concentrations of 2 to 4 mg/ml (final dose of 250 to 500 mg/kg/day body

weight) will likely yield clinical relevant plasma concentrations of metformin in both male and

female mice and that the studies using similar treatments could potentially lead to clinical

translation.

Comparison of current method with existing methods

Metformin is the most widely prescribed and marketed antidiabetic world-wide. It is not sur-

prising that numerous methods for quantitation of metformin, or combinations existed

(Table 4). However, the majority of published methods focused on plasma and few on other

tissues such as liver and tumors. There are few papers discussing a robust method applied to

different matrix such as brain. Some methods used complicated, error prone sample prepara-

tion (e.g. SPE, LLE), while other methods used strong concentrated buffer in LC-MS for good

PLOS ONE Metformin bio-distribution in mice treated with a clinically relevant paradigm

PLOS ONE | https://doi.org/10.1371/journal.pone.0234571 June 11, 2020 13 / 20

https://doi.org/10.1371/journal.pone.0234571


Table 4. Comparison of metformin assessment methods using LC-MS/MS.

Sr Sample

prep.

IS RT

(min)

Run

time

(min)

ion

ratio

Column Mobile Phase A Matrix Study Method

Validation

Reference

1 PPEa, Metformin-

D6

0.89 3 Yes HR Xbridge C18,

50x3 mm,3.5 μm

2 mM ammonium

acetate

Mouse plasma,

liver, kidney,

muscle, brain,

correlation study Yes Current

2 PPE Metformin-

D6

n/a n/a No Aquasil C18,

2.1x20 mm, 5 μm

n/a Mouse plasma,

urine, liver,

kidney, cage

wash

Transporter effect

to metformin tissue

distribution

No [54]

3 PPE Metformin-

D6

n/a 14 Yes Pursuit PFP, 2

x150 mm. 3 μm

0.05% FA in water,

100% MPA-0% MPA

gradient run Flow

rate: N/A

Mouse Serum,

Liver, tumor

dose study No [55]

4 PPEb Alogliptin 3.68 20 Yes Monolithic silica

RP18, 100 x4.6

mm, 1.15 μm S

10 mM ammonium

formate pH3.0 80%

MPA, 0.4 ml/min

isocratic run

Human Plasma PK Yes [56]

5 LLE Glipizide 1.84 6 No Peerless Basic

C18, 33 × 4.6 mm,

5 μm

0.5% FA in water,

20% MPA, 0.6 ml/

min isocratic run

Human Plasma Bioequivalence

study

Yes [57]

6 PPE None 0.98 14 No Gemini NX-C18,

100 × 2.1

mm,3 μm

10 mM ammonium

acetate and 0.1% FA

in water, 90%-5%

MPA,0.25 ml/min

Gradient run

postmortem

blood

Matrix effect study Yes [58]

7 PPE Diphen—

hydramine

2.6 3.5 No Zorbax SB C8,

150×4.6 mm 5 μm

1.0% FA in water,

30% MPA, 0.5 ml/

min, isocratic run

Human Plasma PK Yes [23]

8 PPE Moroxydine 3.0 8 No Synergi

POLAR-RP, 250

4.6 mm, 4 μm

6 mM ammonium

acetate and 0.1% FA,

50% MPA, 1.0 ml/

min isocratic run

Dog plasma PK Yes [59]

9 SPE Metformin-

D6

3.1 4.5 No XSelect HSS CN,

150 × 4.6 mm,

5 μm

8 mM ammonium

formate in water,

pH4.5, 20% MPA,

isocratic run

Rat Plasma Bioavailability Yes [60]

10 PPE Phenformin 1.45 13 No Zorbax HILIC

Plus, 50 × 2.5 mm,

3.5 μm

0.1% FA in water,

25% MPA, 0.2 ml/

min isocratic run

Rat plasma PK Yes [61]

11 n/a n/a n/a n/a No n/a n/a Human plasma

and colonic

tissue

correlation

between plasma/

colonic tissue

No [62]

12 PPE-LLE Propranolol 1.0 5 No Zorbax C18,

50×4.6 mm, 5 μm

0.1% FA in water,

60% MPA, 0.5 ml/

min isocratic run

Human Plasma PK Yes [63]

13 SPE None 3.5 5 No Cyano, 150 × 4.6

mm, 5 μm

10 mM ammonium

formate, 25% MPA,

flow rate: N/A

Human Plasma PK Yes [64]

14 PPE Canagliflozin 2.65 15 No Agilent Eclipse

Plus C18,

4.6 × 100 mm,

3.5 μm

6 mM ammonium

formate and 0.1%

FA, 0.5 ml/min, 98%

—0% MPA, gradient

run

Rat plasma PK Yes [65]

15 PPE Phenformin n/a n/a No Hypersil BDS

C18, 150

mm × 2.1

mm,5 μm

n/a Rat plasma,

liver, kidney,

intestine,

muscle, heart

PK & PD No [66]

(Continued)
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chromatography. However, it was hard to solve low sensitivity and reproducibility issues. In

majority of methods studying metformin in tissues, a long run time and other than metfor-

min-D6 as internal standard could have lowered throughput without the ability to avoid

matrix effect. Furthermore, none of the papers investigated the mechanism of metformin

(biguanide) tautomerism feature, which influences chromatography in LC-MS/MS. The cur-

rent method is sensitive and high throughput, but simple method to quantitate metformin in

various tissues and plasma in a short total run time-3 minutes. Some of the strengths of our

methods are as follows. Our method provides full validation covering plasma, kidney, muscle,

liver, and brain. A simple and fast protein-precipitation method yielded a highly sensitive and

reproducible method for multiple tissues as well as plasma. The use of metformin-D6 as an

internal standard is more appropriate compared to previous papers, which fail to use labeled

isotope metformin as an internal standard and relied on different chemical compounds with

varied chemical properties than that of metformin. Further, we incorporated the ion ratio of

both qualifier and quantifier to quantitate metformin in different tissues and plasma. Finally,

our methods provide efficiency in the total sample run. The total run-time is only 3 minutes

and post-run 1 minute, which minimized overall buffer usage and benefit the LC pump and

MS source maintenance.

In summary, we have established a LC-MS/MS method for metformin measurement in

plasma and different tissues. We found that a clinically relevant treatment paradigm of 4 mg/

ml metformin in drinking in mice yielded plasma concentrations in the range of therapeutic

Table 4. (Continued)

Sr Sample

prep.

IS RT

(min)

Run

time

(min)

ion

ratio

Column Mobile Phase A Matrix Study Method

Validation

Reference

16 SPE Alogliptin 1.45 8 No Symmetry1 C18,

4.6 x 50 mm, 5 μm

10 mM ammonium

formate and 0.2%

FA, flow rate 0.25

ml/min, 5% MPA,

isocratic run

Human Plasma PK Yes [67]

17 PPE Metformin-

D6

2.2 3.5 No Kinetex HILIC, 50

x 4.6 mm, 2.7 μm

9 mM ammonium

formate, FA is water

and 80 mM

ammonium formate,

FA in ACN

Human Plasma

and urine

PK Yes [68]

18 PPE N-despropyl

ropinirole

7.7 15 no Xbridge-HILIC

BEH, 150x 2.1

mm, 3.5 um

15 mM ammonium

formate in water,

12% MPA, 0.25 ml/

min isoractic run

Human Plasma PK Yes [22]

19 PPE Dapagliflozin 0.78 6 no Acquity UPLC

HSS Cyano, 100 x

2.1 mm, 1.8 μm

0.1% FA in water,

90% -10% MPA, 0.4

ml/min, Gradient

run

Rat plasma PK Yes [69]

20 PPE None 1.2 9 no Xbridge C18,

2.1x50 mm,

3.5 μm

1 mM ammonium

formate with 0.1%

FA, 95%-30% MPA,

0.2 ml/min gradient

run.

Human plasma PK Yes [70]

a diluted with 2mM ammonium aceate;
b diluted with 10 mM ammonium formate;

PPE = Protein precipitation Extraction; LLE = Liquid-liquid Extraction; SPE = Solid Phase Extraction; FA = formic acid; PK = Pharmacokinetics study; n/a = Not

available; RT = Retention time; MP = Mobile phase; IS = Internal standard.

https://doi.org/10.1371/journal.pone.0234571.t004
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level in humans treated at the maximum dose of 2.5 g/day. Our metformin treatment para-

digm in mouse and the established metformin levels in plasma, liver, muscle, kidney, and

brain provide insight into future metformin preclinical studies for potential clinical

translation.
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ate from linearity (r2> 0.995) over the tested ranges. Data were fit by linear regression analysis.

(TIF)

S1 Table. Metformin and metformin-D6 MRM parameters.

(DOCX)

S2 Table. Summary of linear regression from the calibration curve across plasma and tis-

sues.

(DOCX)

S3 Table. Stability of metformin under different storage conditions.

(DOCX)

Author Contributions

Conceptualization: Kiran Chaudhari, Shao-Hua Yang.

Data curation: Kiran Chaudhari, Jianmei Wang, Yong Xu, Ali Winters, Linshu Wang.

Formal analysis: Kiran Chaudhari, Jianmei Wang.

Funding acquisition: Kiran Chaudhari, Shao-Hua Yang.

Investigation: Kiran Chaudhari, Jianmei Wang.

Methodology: Kiran Chaudhari, Jianmei Wang.

Project administration: Kiran Chaudhari, Ran Liu.

Supervision: Shao-Hua Yang.

Validation: Kiran Chaudhari, Jianmei Wang, Yong Xu, Xiaowei Dong, Eric Y. Cheng.

Writing – original draft: Kiran Chaudhari, Jianmei Wang.

Writing – review & editing: Shao-Hua Yang.

References
1. Malinska H, Oliyarnyk O, Skop V, Silhavy J, Landa V, Zidek V, et al. Effects of Metformin on Tissue Oxi-

dative and Dicarbonyl Stress in Transgenic Spontaneously Hypertensive Rats Expressing Human C-

Reactive Protein. PLoS One. 2016; 11(3):e0150924. https://doi.org/10.1371/journal.pone.0150924

PMID: 26963617

2. Iversen AB, Horsman MR, Jakobsen S, Jensen JB, Garm C, Jessen N, et al. Results from (11)C-metfor-

min-PET scans, tissue analysis and cellular drug-sensitivity assays questions the view that biguanides

affects tumor respiration directly. Sci Rep. 2017; 7(1):9436. https://doi.org/10.1038/s41598-017-10010-

z PMID: 28842630

3. Zi F, Zi H, Li Y, He J, Shi Q, Cai Z. Metformin and cancer: An existing drug for cancer prevention and

therapy. Oncol Lett. 2018; 15(1):683–90. https://doi.org/10.3892/ol.2017.7412 PMID: 29422962

PLOS ONE Metformin bio-distribution in mice treated with a clinically relevant paradigm

PLOS ONE | https://doi.org/10.1371/journal.pone.0234571 June 11, 2020 16 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234571.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234571.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234571.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234571.s004
https://doi.org/10.1371/journal.pone.0150924
http://www.ncbi.nlm.nih.gov/pubmed/26963617
https://doi.org/10.1038/s41598-017-10010-z
https://doi.org/10.1038/s41598-017-10010-z
http://www.ncbi.nlm.nih.gov/pubmed/28842630
https://doi.org/10.3892/ol.2017.7412
http://www.ncbi.nlm.nih.gov/pubmed/29422962
https://doi.org/10.1371/journal.pone.0234571


4. Zabielski P, Hady HR, Chacinska M, Roszczyc K, Gorski J, Blachnio-Zabielska AU. The effect of high

fat diet and metformin treatment on liver lipids accumulation and their impact on insulin action. Sci Rep.

2018; 8(1):7249. https://doi.org/10.1038/s41598-018-25397-6 PMID: 29739997

5. Soukas AA, Hao H, Wu L. Metformin as Anti-Aging Therapy: Is It for Everyone? Trends Endocrinol

Metab. 2019; 30(10):745–55. https://doi.org/10.1016/j.tem.2019.07.015 PMID: 31405774

6. Walton RG, Dungan CM, Long DE, Tuggle SC, Kosmac K, Peck BD, et al. Metformin blunts muscle

hypertrophy in response to progressive resistance exercise training in older adults: A randomized, dou-

ble-blind, placebo-controlled, multicenter trial: The MASTERS trial. Aging Cell. 2019; 18(6):e13039.

https://doi.org/10.1111/acel.13039 PMID: 31557380

7. He L, Wondisford FE. Metformin action: concentrations matter. Cell Metab. 2015; 21(2):159–62. https://

doi.org/10.1016/j.cmet.2015.01.003 PMID: 25651170

8. Zhou G, Myers R, Li Y, Chen Y, Shen X, Fenyk-Melody J, et al. Role of AMP-activated protein kinase in

mechanism of metformin action. J Clin Invest. 2001; 108(8):1167–74. https://doi.org/10.1172/JCI13505

PMID: 11602624

9. 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

10. Madiraju AK, Erion DM, Rahimi Y, Zhang XM, Braddock DT, Albright RA, et al. Metformin suppresses

gluconeogenesis by inhibiting mitochondrial glycerophosphate dehydrogenase. Nature. 2014; 510

(7506):542–6. https://doi.org/10.1038/nature13270 PMID: 24847880

11. Owen MR, Doran E, Halestrap AP. Evidence that metformin exerts its anti-diabetic effects through inhi-

bition of complex 1 of the mitochondrial respiratory chain. Biochem J. 2000; 348 Pt 3:607–14.

12. Graham GG, Punt J, Arora M, Day RO, Doogue MP, Duong JK, et al. Clinical pharmacokinetics of met-

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

PMID: 21241070

13. Glossmann HH, Lutz OMD. Pharmacology of metformin—An update. Eur J Pharmacol. 2019;

865:172782. https://doi.org/10.1016/j.ejphar.2019.172782 PMID: 31705902

14. Jensen JB, Sundelin EI, Jakobsen S, Gormsen LC, Munk OL, Frokiaer J, et al. [11C]-Labeled Metformin

Distribution in the Liver and Small Intestine Using Dynamic Positron Emission Tomography in Mice

Demonstrates Tissue-Specific Transporter Dependency. Diabetes. 2016; 65(6):1724–30. https://doi.

org/10.2337/db16-0032 PMID: 26993065

15. Overgaard MD, Duvald CS, Vendelbo MH, Pedersen SB, Jakobsen S, Alstrup AKO, et al. Biodistribu-

tion of [(11)C]-Metformin and mRNA Expression of Placentae Metformin Transporters in the Pregnant

Chinchilla. Contrast Media Mol Imaging. 2019; 2019:9787340. https://doi.org/10.1155/2019/9787340

PMID: 31182937

16. Gormsen LC, Sundelin EI, Jensen JB, Vendelbo MH, Jakobsen S, Munk OL, et al. In Vivo Imaging of

Human 11C-Metformin in Peripheral Organs: Dosimetry, Biodistribution, and Kinetic Analyses. J Nucl

Med. 2016; 57(12):1920–6. https://doi.org/10.2967/jnumed.116.177774 PMID: 27469359

17. Wang J, Yang Z, Lechago J. Rapid and simultaneous determination of multiple classes of abused drugs

and metabolites in human urine by a robust LC-MS/MS method—application to urine drug testing in pain

clinics. Biomed Chromatogr. 2013; 27(11):1463–80. https://doi.org/10.1002/bmc.2945 PMID: 23780634

18. Mondal S, Samajdar RN, Mukherjee S, Bhattacharyya AJ, Bagchi B. Unique Features of Metformin: A

Combined Experimental, Theoretical, and Simulation Study of Its Structure, Dynamics, and Interaction

Energetics with DNA Grooves. J Phys Chem B. 2018; 122(8):2227–42. https://doi.org/10.1021/acs.

jpcb.7b11928 PMID: 29397734

19. Ghasemi Fatemeh, R AR, Ghasemi Khaled, Razak Ibrahim Abdul, Rosli Mohd Mustaqim. Synthesis,

characterization and crystal structure of a new organic salt of antidiabetic drug metformin resulting from

a proton transfer reaction. Journal of Molecular Structure. 2019; 1193:310–4.

20. Bharatam PV., K D, B AA. “What’s in a structure?” The story of biguanides. Journal of Molecular Struc-

ture. 2018; 1152:61–78.

21. Wei X, Fan Yuhua, Bi Caifeng, Yan Xingchen, Zhang Xia, and Li Xin. Crystal Structure and Tautomer-

ism Study of the Mono-protonated Metformin Salt. Bulletin of the Korean Chemical Society. 2014; 35

(12):3495–501.

22. Antonopoulos N, Machairas G, Migias G, Vonaparti A, Brakoulia V, Pistos C, et al. Hydrophilic Interac-

tion Liquid Chromatography-Electrospray Ionization Mass Spectrometry for Therapeutic Drug Monitor-

ing of Metformin and Rosuvastatin in Human Plasma. Molecules. 2018; 23(7).

23. Chen X, Gu Q, Qiu F, Zhong D. Rapid determination of metformin in human plasma by liquid chroma-

tography-tandem mass spectrometry method. J Chromatogr B Analyt Technol Biomed Life Sci. 2004;

802(2):377–81. https://doi.org/10.1016/j.jchromb.2003.12.017 PMID: 15018802

PLOS ONE Metformin bio-distribution in mice treated with a clinically relevant paradigm

PLOS ONE | https://doi.org/10.1371/journal.pone.0234571 June 11, 2020 17 / 20

https://doi.org/10.1038/s41598-018-25397-6
http://www.ncbi.nlm.nih.gov/pubmed/29739997
https://doi.org/10.1016/j.tem.2019.07.015
http://www.ncbi.nlm.nih.gov/pubmed/31405774
https://doi.org/10.1111/acel.13039
http://www.ncbi.nlm.nih.gov/pubmed/31557380
https://doi.org/10.1016/j.cmet.2015.01.003
https://doi.org/10.1016/j.cmet.2015.01.003
http://www.ncbi.nlm.nih.gov/pubmed/25651170
https://doi.org/10.1172/JCI13505
http://www.ncbi.nlm.nih.gov/pubmed/11602624
https://doi.org/10.1038/nm.3787
http://www.ncbi.nlm.nih.gov/pubmed/25849133
https://doi.org/10.1038/nature13270
http://www.ncbi.nlm.nih.gov/pubmed/24847880
https://doi.org/10.2165/11534750-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/21241070
https://doi.org/10.1016/j.ejphar.2019.172782
http://www.ncbi.nlm.nih.gov/pubmed/31705902
https://doi.org/10.2337/db16-0032
https://doi.org/10.2337/db16-0032
http://www.ncbi.nlm.nih.gov/pubmed/26993065
https://doi.org/10.1155/2019/9787340
http://www.ncbi.nlm.nih.gov/pubmed/31182937
https://doi.org/10.2967/jnumed.116.177774
http://www.ncbi.nlm.nih.gov/pubmed/27469359
https://doi.org/10.1002/bmc.2945
http://www.ncbi.nlm.nih.gov/pubmed/23780634
https://doi.org/10.1021/acs.jpcb.7b11928
https://doi.org/10.1021/acs.jpcb.7b11928
http://www.ncbi.nlm.nih.gov/pubmed/29397734
https://doi.org/10.1016/j.jchromb.2003.12.017
http://www.ncbi.nlm.nih.gov/pubmed/15018802
https://doi.org/10.1371/journal.pone.0234571


24. FDA. Bioanalytical Method Validation Guidance for Industry Food and Drug Administartion2018 [https://

www.fda.gov/files/drugs/published/Bioanalytical-Method-Validation-Guidance-for-Industry.pdf.

25. Nair AB, Jacob S. A simple practice guide for dose conversion between animals and human. J Basic

Clin Pharm. 2016; 7(2):27–31. PMID: 27057123

26. Kajbaf F, De Broe ME, Lalau JD. Therapeutic Concentrations of Metformin: A Systematic Review. Clin

Pharmacokinet. 2016; 55(4):439–59. https://doi.org/10.1007/s40262-015-0323-x PMID: 26330026

27. Bailey CJ. Metformin: historical overview. Diabetologia. 2017; 60(9):1566–76. https://doi.org/10.1007/

s00125-017-4318-z PMID: 28776081

28. Sambol NC, Chiang J, O’Conner M, Liu CY, Lin ET, Goodman AM, et al. Pharmacokinetics and pharma-

codynamics of metformin in healthy subjects and patients with noninsulin-dependent diabetes mellitus. J

Clin Pharmacol. 1996; 36(11):1012–21. https://doi.org/10.1177/009127009603601105 PMID: 8973990

29. Hess C, Unger M, Madea B, Stratmann B, Tschoepe D. Range of therapeutic metformin concentrations

in clinical blood samples and comparison to a forensic case with death due to lactic acidosis. Forensic

Sci Int. 2018; 286:106–12. https://doi.org/10.1016/j.forsciint.2018.03.003 PMID: 29574345

30. Lalau JD, Lemaire-Hurtel AS, Lacroix C. Establishment of a database of metformin plasma concentra-

tions and erythrocyte levels in normal and emergency situations. Clin Drug Investig. 2011; 31(6):435–8.

https://doi.org/10.2165/11588310-000000000-00000 PMID: 21401215

31. 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

32. Martin-Montalvo A, Mercken EM, Mitchell SJ, Palacios HH, Mote PL, Scheibye-Knudsen M, et al. Met-

formin improves healthspan and lifespan in mice. Nature communications. 2013; 4:2192. https://doi.

org/10.1038/ncomms3192 PMID: 23900241

33. Alfaras I, Mitchell SJ, Mora H, Lugo DR, Warren A, Navas-Enamorado I, et al. Health benefits of late-

onset metformin treatment every other week in mice. NPJ Aging Mech Dis. 2017; 3:16. https://doi.org/

10.1038/s41514-017-0018-7 PMID: 29167747

34. Rodrigues Neto Edilson Martins R LA, M V, Da Cunha Gilmara Holanda, Pontes Andrea Vieira, Leal

Patricia, Lobo Dantas, de Nucci Gilberto, de Moraes Filho Manoel Odorico, de Moraes Maria Elisabete

Amaral. Bioavailability of Different Formulations of Metformin Hydrochloride in Healthy Volunteers: a

Comparative Study. International Archives of Medicine Section: Toxicology & Therapeutics. 2016; 9

(300):1–9.

35. Ningrum VDA, Ikawati Z, Sadewa AH, Ikhsan MR. Patient-factors associated with metformin steady-

state levels in type 2 diabetes mellitus with therapeutic dosage. J Clin Transl Endocrinol. 2018; 12:42–

7. https://doi.org/10.1016/j.jcte.2018.05.001 PMID: 29892566

36. Kimura N, Masuda S, Tanihara Y, Ueo H, Okuda M, Katsura T, et al. Metformin is a superior substrate

for renal organic cation transporter OCT2 rather than hepatic OCT1. Drug Metab Pharmacokinet. 2005;

20(5):379–86. https://doi.org/10.2133/dmpk.20.379 PMID: 16272756

37. Urakami Y, Nakamura N, Takahashi K, Okuda M, Saito H, Hashimoto Y, et al. Gender differences in

expression of organic cation transporter OCT2 in rat kidney. FEBS Lett. 1999; 461(3):339–42. https://

doi.org/10.1016/s0014-5793(99)01491-x PMID: 10567723

38. Slitt AL, Cherrington NJ, Hartley DP, Leazer TM, Klaassen CD. Tissue distribution and renal develop-

mental changes in rat organic cation transporter mRNA levels. Drug Metab Dispos. 2002; 30(2):212–9.

https://doi.org/10.1124/dmd.30.2.212 PMID: 11792693

39. Urakami Y, Okuda M, Saito H, Inui K. Hormonal regulation of organic cation transporter OCT2 expres-

sion in rat kidney. FEBS Lett. 2000; 473(2):173–6. https://doi.org/10.1016/s0014-5793(00)01525-8

PMID: 10812069

40. Freire AC, Basit AW, Choudhary R, Piong CW, Merchant HA. Does sex matter? The influence of gender

on gastrointestinal physiology and drug delivery. Int J Pharm. 2011; 415(1–2):15–28. https://doi.org/10.

1016/j.ijpharm.2011.04.069 PMID: 21640175

41. Ma TC, Buescher JL, Oatis B, Funk JA, Nash AJ, Carrier RL, et al. Metformin therapy in a transgenic

mouse model of Huntington’s disease. Neurosci Lett. 2007; 411(2):98–103. https://doi.org/10.1016/j.

neulet.2006.10.039 PMID: 17110029

42. Anisimov VN, Berstein LM, Egormin PA, Piskunova TS, Popovich IG, Zabezhinski MA, et al. Effect of

metformin on life span and on the development of spontaneous mammary tumors in HER-2/neu trans-

genic mice. Exp Gerontol. 2005; 40(8–9):685–93. https://doi.org/10.1016/j.exger.2005.07.007 PMID:

16125352

43. Anisimov VN, Berstein LM, Egormin PA, Piskunova TS, Popovich IG, Zabezhinski MA, et al. Metformin

slows down aging and extends life span of female SHR mice. Cell cycle (Georgetown, Tex). 2008; 7

(17):2769–73.

PLOS ONE Metformin bio-distribution in mice treated with a clinically relevant paradigm

PLOS ONE | https://doi.org/10.1371/journal.pone.0234571 June 11, 2020 18 / 20

https://www.fda.gov/files/drugs/published/Bioanalytical-Method-Validation-Guidance-for-Industry.pdf
https://www.fda.gov/files/drugs/published/Bioanalytical-Method-Validation-Guidance-for-Industry.pdf
http://www.ncbi.nlm.nih.gov/pubmed/27057123
https://doi.org/10.1007/s40262-015-0323-x
http://www.ncbi.nlm.nih.gov/pubmed/26330026
https://doi.org/10.1007/s00125-017-4318-z
https://doi.org/10.1007/s00125-017-4318-z
http://www.ncbi.nlm.nih.gov/pubmed/28776081
https://doi.org/10.1177/009127009603601105
http://www.ncbi.nlm.nih.gov/pubmed/8973990
https://doi.org/10.1016/j.forsciint.2018.03.003
http://www.ncbi.nlm.nih.gov/pubmed/29574345
https://doi.org/10.2165/11588310-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/21401215
https://doi.org/10.1016/j.metabol.2015.10.014
http://www.ncbi.nlm.nih.gov/pubmed/26773926
https://doi.org/10.1038/ncomms3192
https://doi.org/10.1038/ncomms3192
http://www.ncbi.nlm.nih.gov/pubmed/23900241
https://doi.org/10.1038/s41514-017-0018-7
https://doi.org/10.1038/s41514-017-0018-7
http://www.ncbi.nlm.nih.gov/pubmed/29167747
https://doi.org/10.1016/j.jcte.2018.05.001
http://www.ncbi.nlm.nih.gov/pubmed/29892566
https://doi.org/10.2133/dmpk.20.379
http://www.ncbi.nlm.nih.gov/pubmed/16272756
https://doi.org/10.1016/s0014-5793(99)01491-x
https://doi.org/10.1016/s0014-5793(99)01491-x
http://www.ncbi.nlm.nih.gov/pubmed/10567723
https://doi.org/10.1124/dmd.30.2.212
http://www.ncbi.nlm.nih.gov/pubmed/11792693
https://doi.org/10.1016/s0014-5793(00)01525-8
http://www.ncbi.nlm.nih.gov/pubmed/10812069
https://doi.org/10.1016/j.ijpharm.2011.04.069
https://doi.org/10.1016/j.ijpharm.2011.04.069
http://www.ncbi.nlm.nih.gov/pubmed/21640175
https://doi.org/10.1016/j.neulet.2006.10.039
https://doi.org/10.1016/j.neulet.2006.10.039
http://www.ncbi.nlm.nih.gov/pubmed/17110029
https://doi.org/10.1016/j.exger.2005.07.007
http://www.ncbi.nlm.nih.gov/pubmed/16125352
https://doi.org/10.1371/journal.pone.0234571


44. Anisimov VN, Egormin PA, Piskunova TS, Popovich IG, Tyndyk ML, Yurova MN, et al. Metformin

extends life span of HER-2/neu transgenic mice and in combination with melatonin inhibits growth of

transplantable tumors in vivo. Cell Cycle. 2010; 9(1):188–97. https://doi.org/10.4161/cc.9.1.10407

PMID: 20016287

45. Anisimov VN, Piskunova TS, Popovich IG, Zabezhinski MA, Tyndyk ML, Egormin PA, et al. Gender dif-

ferences in metformin effect on aging, life span and spontaneous tumorigenesis in 129/Sv mice. Aging

(Albany NY). 2010; 2(12):945–58.

46. Chen Y, Zhou K, Wang R, Liu Y, Kwak YD, Ma T, et al. Antidiabetic drug metformin (GlucophageR)

increases biogenesis of Alzheimer’s amyloid peptides via up-regulating BACE1 transcription. Proc Natl

Acad Sci U S A. 2009; 106(10):3907–12. https://doi.org/10.1073/pnas.0807991106 PMID: 19237574

47. Hou M, Venier N, Sugar L, Musquera M, Pollak M, Kiss A, et al. Protective effect of metformin in CD1

mice placed on a high carbohydrate-high fat diet. Biochem Biophys Res Commun. 2010; 397(3):537–

42. https://doi.org/10.1016/j.bbrc.2010.05.152 PMID: 20573602

48. Kaneb HM, Sharp PS, Rahmani-Kondori N, Wells DJ. Metformin treatment has no beneficial effect in a

dose-response survival study in the SOD1(G93A) mouse model of ALS and is harmful in female mice.

PLoS One. 2011; 6(9):e24189. https://doi.org/10.1371/journal.pone.0024189 PMID: 21909419

49. Barini E, Antico O, Zhao Y, Asta F, Tucci V, Catelani T, et al. Metformin promotes tau aggregation and

exacerbates abnormal behavior in a mouse model of tauopathy. Mol Neurodegener. 2016; 11:16.

https://doi.org/10.1186/s13024-016-0082-7 PMID: 26858121

50. Thangthaeng N, Rutledge M, Wong JM, Vann PH, Forster MJ, Sumien N. Metformin Impairs Spatial

Memory and Visual Acuity in Old Male Mice. Aging and Disease. 2017; 8(1):17–30. https://doi.org/10.

14336/AD.2016.1010 PMID: 28203479

51. Matthes F, Hettich MM, Schilling J, Flores-Dominguez D, Blank N, Wiglenda T, et al. Inhibition of the

MID1 protein complex: a novel approach targeting APP protein synthesis. Cell Death Discov. 2018; 4:4.

52. Kickstein E, Krauss S, Thornhill P, Rutschow D, Zeller R, Sharkey J, et al. Biguanide metformin acts on

tau phosphorylation via mTOR/protein phosphatase 2A (PP2A) signaling. Proc Natl Acad Sci U S A.

2010; 107(50):21830–5. https://doi.org/10.1073/pnas.0912793107 PMID: 21098287

53. Li Wenjun, C K, Shetty Ritu, Winters Ali, Gao Xiaofei, Hu Zeping, Ge Woo-Ping, et al. Metformin Alters

Locomotor and Cognitive Function and Brain Metabolism in Normoglycemic Mice. Aging and disease.

2019; 10(5):949–63. https://doi.org/10.14336/AD.2019.0120 PMID: 31595194

54. Higgins JW, Bedwell DW, Zamek-Gliszczynski MJ. Ablation of both organic cation transporter (OCT)1

and OCT2 alters metformin pharmacokinetics but has no effect on tissue drug exposure and pharmaco-

dynamics. Drug Metab Dispos. 2012; 40(6):1170–7. https://doi.org/10.1124/dmd.112.044875 PMID:

22407892

55. Chandel NS, Avizonis D, Reczek CR, Weinberg SE, Menz S, Neuhaus R, et al. Are Metformin Doses

Used in Murine Cancer Models Clinically Relevant? Cell Metab. 2016; 23(4):569–70. https://doi.org/10.

1016/j.cmet.2016.03.010 PMID: 27076070

56. Al Bratty Mohammed, A HA, Javed Sadique Akhtar, Lalitha Keddal G., Asmari Mufarreh, Wölker Jes-

sica & El Deeb Sami. Development and Validation of LC–MS/MS Method for Simultaneous Determina-

tion of Metformin and Four Gliptins in Human Plasma. Chromatographia. 2017(80):891–9.

57. Sengupta Pinaki, B U, Ghosh Animesh, Sarkar Amlan Kanti, Chatterjee Bappaditya, Bose Anirbandeep

& Pal Tapan Kumar. LC–MS–MS Development and Validation for Simultaneous Quantitation of Metfor-

min, Glimepiride and Pioglitazone in Human Plasma and Its Application to a Bioequivalence Study.

Chromatographia 2009(69):1243–50.

58. Gergov M, Nenonen T, Ojanpera I, Ketola RA. Compensation of matrix effects in a standard addition

method for metformin in postmortem blood using liquid chromatography-electrospray-tandem mass

spectrometry. J Anal Toxicol. 2015; 39(5):359–64. https://doi.org/10.1093/jat/bkv020 PMID: 25749607

59. Zhang X, Peng Y, Wan P, Yin L, Wang G, Sun J. Simultaneous determination and pharmacokinetic

study of metformin and pioglitazone in dog plasma by LC-MS-MS. J Chromatogr Sci. 2014; 52(1):52–8.

https://doi.org/10.1093/chromsci/bms204 PMID: 23293039

60. Shah PA, Shah JV, Sanyal M, Shrivastav PS. LC-tandem mass spectrometry method for the simulta-

neous determination of metformin and sitagliptin in human plasma after ion-pair solid phase extraction.

J Pharm Biomed Anal. 2016; 131:64–70. https://doi.org/10.1016/j.jpba.2016.08.011 PMID: 27526402

61. Govender K, Adamson JH, Owira P. The development and validation of a LC-MS/MS method for the

quantitation of metformin, rifampicin and isoniazid in rat plasma using HILIC chromatography. J Chro-

matogr B Analyt Technol Biomed Life Sci. 2018; 1095:127–37. https://doi.org/10.1016/j.jchromb.2018.

07.041 PMID: 30077092

62. Paleari L, Burhenne J, Weiss J, Foersch S, Roth W, Parodi A, et al. High Accumulation of Metformin in

Colonic Tissue of Subjects With Diabetes or the Metabolic Syndrome. Gastroenterology. 2018; 154

(5):1543–5. https://doi.org/10.1053/j.gastro.2017.12.040 PMID: 29526732

PLOS ONE Metformin bio-distribution in mice treated with a clinically relevant paradigm

PLOS ONE | https://doi.org/10.1371/journal.pone.0234571 June 11, 2020 19 / 20

https://doi.org/10.4161/cc.9.1.10407
http://www.ncbi.nlm.nih.gov/pubmed/20016287
https://doi.org/10.1073/pnas.0807991106
http://www.ncbi.nlm.nih.gov/pubmed/19237574
https://doi.org/10.1016/j.bbrc.2010.05.152
http://www.ncbi.nlm.nih.gov/pubmed/20573602
https://doi.org/10.1371/journal.pone.0024189
http://www.ncbi.nlm.nih.gov/pubmed/21909419
https://doi.org/10.1186/s13024-016-0082-7
http://www.ncbi.nlm.nih.gov/pubmed/26858121
https://doi.org/10.14336/AD.2016.1010
https://doi.org/10.14336/AD.2016.1010
http://www.ncbi.nlm.nih.gov/pubmed/28203479
https://doi.org/10.1073/pnas.0912793107
http://www.ncbi.nlm.nih.gov/pubmed/21098287
https://doi.org/10.14336/AD.2019.0120
http://www.ncbi.nlm.nih.gov/pubmed/31595194
https://doi.org/10.1124/dmd.112.044875
http://www.ncbi.nlm.nih.gov/pubmed/22407892
https://doi.org/10.1016/j.cmet.2016.03.010
https://doi.org/10.1016/j.cmet.2016.03.010
http://www.ncbi.nlm.nih.gov/pubmed/27076070
https://doi.org/10.1093/jat/bkv020
http://www.ncbi.nlm.nih.gov/pubmed/25749607
https://doi.org/10.1093/chromsci/bms204
http://www.ncbi.nlm.nih.gov/pubmed/23293039
https://doi.org/10.1016/j.jpba.2016.08.011
http://www.ncbi.nlm.nih.gov/pubmed/27526402
https://doi.org/10.1016/j.jchromb.2018.07.041
https://doi.org/10.1016/j.jchromb.2018.07.041
http://www.ncbi.nlm.nih.gov/pubmed/30077092
https://doi.org/10.1053/j.gastro.2017.12.040
http://www.ncbi.nlm.nih.gov/pubmed/29526732
https://doi.org/10.1371/journal.pone.0234571


63. Mohamed D, Elshahed MS, Nasr T, Aboutaleb N, Zakaria O. Novel LC-MS/MS method for analysis of

metformin and canagliflozin in human plasma: application to a pharmacokinetic study. BMC Chem.

2019; 13(1):82. https://doi.org/10.1186/s13065-019-0597-4 PMID: 31384829

64. Shah PA, Shrivastav PS, Sharma V, Yadav MS. Challenges in simultaneous extraction and chro-

matographic separation of metformin and three SGLT-2 inhibitors in human plasma using LC-MS/MS. J

Pharm Biomed Anal. 2019; 175:112790. https://doi.org/10.1016/j.jpba.2019.112790 PMID: 31362250

65. Elgawish MS, Nasser S, Salama I, Abbas AM, Mostafa SM. Liquid chromatography tandem mass spec-

trometry for the simultaneous determination of metformin and pioglitazone in rat plasma: Application to

pharmacokinetic and drug-drug interaction studies. J Chromatogr B Analyt Technol Biomed Life Sci.

2019; 1124:47–57. https://doi.org/10.1016/j.jchromb.2019.05.036 PMID: 31177048

66. Wu B, Chen M, Gao Y, Hu J, Liu M, Zhang W, et al. In vivo pharmacodynamic and pharmacokinetic

effects of metformin mediated by the gut microbiota in rats. Life Sci. 2019; 226:185–92. https://doi.org/

10.1016/j.lfs.2019.04.009 PMID: 30953641

67. Abbas Moussa B, Mahrouse MA, Fawzy MG. A validated LC-MS/MS method for simultaneous determi-

nation of linagliptin and metformin in spiked human plasma coupled with solid phase extraction: Applica-

tion to a pharmacokinetic study in healthy volunteers. J Pharm Biomed Anal. 2019; 163:153–61. https://

doi.org/10.1016/j.jpba.2018.09.052 PMID: 30312887

68. Scherf-Clavel O, Kinzig M, Stoffel MS, Fuhr U, Sorgel F. A HILIC-MS/MS assay for the quantification of

metformin and sitagliptin in human plasma and urine: A tool for studying drug transporter perturbation. J

Pharm Biomed Anal. 2019; 175:112754. https://doi.org/10.1016/j.jpba.2019.07.002 PMID: 31336285

69. Paul D, Allakonda L, Satheeshkumar N. A validated UHPLC-QTOF-MS method for quantification of

metformin and teneligliptin in rat plasma: Application to pharmacokinetic interaction study. J Pharm

Biomed Anal. 2017; 143:1–8. https://doi.org/10.1016/j.jpba.2017.05.026 PMID: 28544884

70. Dias BCL, Fachi MM, de Campos ML, Degaut FLD, Peccinini RG, Pontarolo R. A new HPLC-MS/MS

method for the simultaneous quantification of SGLT2 inhibitors and metformin in plasma and its applica-

tion to a pharmacokinetic study in healthy volunteers. Biomed Chromatogr. 2019; 33(11):e4663. https://

doi.org/10.1002/bmc.4663 PMID: 31339572

PLOS ONE Metformin bio-distribution in mice treated with a clinically relevant paradigm

PLOS ONE | https://doi.org/10.1371/journal.pone.0234571 June 11, 2020 20 / 20

https://doi.org/10.1186/s13065-019-0597-4
http://www.ncbi.nlm.nih.gov/pubmed/31384829
https://doi.org/10.1016/j.jpba.2019.112790
http://www.ncbi.nlm.nih.gov/pubmed/31362250
https://doi.org/10.1016/j.jchromb.2019.05.036
http://www.ncbi.nlm.nih.gov/pubmed/31177048
https://doi.org/10.1016/j.lfs.2019.04.009
https://doi.org/10.1016/j.lfs.2019.04.009
http://www.ncbi.nlm.nih.gov/pubmed/30953641
https://doi.org/10.1016/j.jpba.2018.09.052
https://doi.org/10.1016/j.jpba.2018.09.052
http://www.ncbi.nlm.nih.gov/pubmed/30312887
https://doi.org/10.1016/j.jpba.2019.07.002
http://www.ncbi.nlm.nih.gov/pubmed/31336285
https://doi.org/10.1016/j.jpba.2017.05.026
http://www.ncbi.nlm.nih.gov/pubmed/28544884
https://doi.org/10.1002/bmc.4663
https://doi.org/10.1002/bmc.4663
http://www.ncbi.nlm.nih.gov/pubmed/31339572
https://doi.org/10.1371/journal.pone.0234571

