
Citation: Bartolucci, G.; Pallecchi, M.;

Braconi, L.; Dei, S.; Teodori, E.;

Lapolla, A.; Sartore, G.; Traldi, P. Mass

Spectrometry Study about In Vitro

and In Vivo Reaction between

Metformin and Glucose: A

Preliminary Investigation on

Alternative Biological Behavior. Int. J.

Mol. Sci. 2024, 25, 180. https://

doi.org/10.3390/ijms25010180

Academic Editor: Guan-Jhong Huang

Received: 24 November 2023

Revised: 15 December 2023

Accepted: 18 December 2023

Published: 22 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Mass Spectrometry Study about In Vitro and In Vivo Reaction
between Metformin and Glucose: A Preliminary Investigation
on Alternative Biological Behavior
Gianluca Bartolucci 1,* , Marco Pallecchi 1 , Laura Braconi 1, Silvia Dei 1 , Elisabetta Teodori 1 ,
Annunziata Lapolla 2, Giovanni Sartore 2 and Pietro Traldi 3,*

1 Dipartimento di Neuroscienze, Psicologia, Area del Farmaco e Salute del Bambino (NEUROFARBA),
Università di Firenze, 50100 Firenze, Italy; marco.pallecchi@unifi.it (M.P.); laura.braconi@unifi.it (L.B.);
silvia.dei@unifi.it (S.D.); elisabetta.teodori@unifi.it (E.T.)

2 Dipartimento di Medicina, Università di Padova, 35100 Padova, Italy; annunziata.lapolla@unipd.it (A.L.);
g.sartore@unipd.it (G.S.)

3 Istituto di Ricerca Pediatrica Città della Speranza, 35100 Padova, Italy
* Correspondence: gianluca.bartolucci@unifi.it (G.B.); p.traldi@irpcds.org (P.T.)

Abstract: Metformin is the most prescribed glucose-lowering drug worldwide; globally, over
100 million patients are prescribed this drug annually. Some different action mechanisms have
been proposed for this drug, but, surprisingly, no metabolite of metformin has ever been described.
It was considered interesting to investigate the possible reaction of metformin with glucose following
the Maillard reaction pattern. The reaction was first performed in in vitro conditions, showing the
formation of two adducts that originated by the condensation of the two molecular species with the
losses of one or two water molecules. Their structures were investigated by liquid chromatography
coupled with mass spectrometry (HPLC-MS), tandem mass spectrometry (MS/MS) and accurate
mass measurements (HRMS). The species originated via the reaction of glucose and metformin and
were called metformose and dehydrometformose, and some structural hypotheses were conducted. It is
worth to emphasize that they were detected in urine samples from a diabetic patient treated with
metformin and consequently they must be considered metabolites of the drug, which has never
been identified before now. The glucose-related substructure of these compounds could reflect an
improved transfer across cell membranes and, consequently, new hypotheses could be made about
the biological targets of metformin.

Keywords: metformin; reaction of metformin with glucose; mass spectrometry

1. Introduction

In the chemistry of natural products, it has been found that Galega officinalis, a tradi-
tional herbal medicine employed in Europe from the Middle Ages, exhibits many different
medical properties mainly related to the presence of guanidine, which, in 1918, was shown
to lower blood glucose levels [1]. Consequently, some studies were carried out into the syn-
thesis of guanidine derivatives, and one of them, metformin (dimethylbiguanide, Figure 1),
was firstly employed in the 1940s as antimalarial agent, but clinical tests proved that it
sometimes led to a lowering of blood glucose levels.

This property, at first sight considered negative, was studied in 1957 for diabetes
treatment [2] and, due to the positive results thus obtained, metformin was introduced into
clinical practice [3].

It is important to emphasize that metformin does not have a single mechanistic target:
in fact, besides its effect of lowering glucose, it also acts in metabolic, vascular and other
physiological functions [4]. However, as matter of fact, metformin is actually the most
prescribed glucose-lowering drug worldwide, and over 100 million of diabetic patients are
treated annually with this drug.
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But what is the action of metformin? Recently, Rena et al [5] gave an exhaustive 
panorama of the actions of metformin at the molecular level described in the literature. It 
was proposed that metformin leads to a decreased hepatic gluconeogenesis, caused on the 
one hand by the modulation of mitochondrial enzymes and on the other by the regulation 
of the glucagon signaling pathway [6,7]. Recently, genetic loss-of-function studies 
indicated that 5′AMP-activated protein kinase (AMPK) participates in the anti-
hyperglycemic action of metformin. As shown in Figure 2, the AMPK-independent effects 
of the drug include mitochondrial actions, which are considered the primary site of action 
of metformin. 

 

Figure 1. Metformin’s structure.

But what is the action of metformin? Recently, Rena et al. [5] gave an exhaustive
panorama of the actions of metformin at the molecular level described in the literature. It
was proposed that metformin leads to a decreased hepatic gluconeogenesis, caused on the
one hand by the modulation of mitochondrial enzymes and on the other by the regulation
of the glucagon signaling pathway [6,7]. Recently, genetic loss-of-function studies indicated
that 5′AMP-activated protein kinase (AMPK) participates in the anti-hyperglycemic action
of metformin. As shown in Figure 2, the AMPK-independent effects of the drug include
mitochondrial actions, which are considered the primary site of action of metformin.
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Figure 2. Schematic diagram of the proposed anti-hyperglycemic action of metformin on liver cells.
Partially modified from Rena et al. [5].

In addition to the effect of reducing glucose levels, other beneficial effects were de-
scribed, including a reduction in cardiovascular disease and mortality [8]. A possible
reduction in cancer incidence was observed in some studies [9–11] but not all [12].

Organic cation transporter OCT1 is considered responsible for the transport of met-
formin into hepatocytes, resulting in the inhibition of the mitochondrial respiratory chain
(complex I), but this is achieved through a currently unknown mechanism. The deficit
in energy production so generated is balanced by reducing gluconeogenesis in the liver.
It must be stressed that this hypothesis is not well related to the chemical parameters of
metformin [13,14], which indicate its low lipophilicity. Consequently, the rapid passive
diffusion of metformin through cell membranes seems to be considered unfavored. How-
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ever, OCT1 and OCT3 have been suggested as possible transporters of metformin in the
liver [15].

Surprisingly, no metabolite of metformin has ever been found or described [16–19].
By the intravenous administration of 14C-labelled metformin, a 100% recovery of the
unchanged drug in urine was found [19]. Chromatographic assays of the unlabeled drug
could not account for approximately 20% of the drug [17–19]. These results suggest that
small proportions of doses of metformin may be metabolized or excreted by non-renal
routes, even when considering that the renal clearance (CLR) of metformin is very high
and it is the major mode of elimination of the drug [20].

A recent paper on the absorption and disposition pharmacokinetics of metformin in
nine species reports that the blood-glucose-lowering effect of metformin can be attributed
to several tissues [21]. In vitro studies in rodents have shown that metformin improves
the insulin sensitivity of muscle cells, leading to an increased insulin-dependent glucose
uptake in cells [22–25]. In addition, an increased glucose uptake into the intestinal mucosa
and a reduced intestinal glucose absorption were observed in metformin-treated rats. This
absorption of metformin accounts for its insignificant metabolism in the liver [21].

At first sight, the impressive safety, effectiveness and low cost of metformin itself
might indicate that drugs that act in a similar manner are not of interest. However, some
studies have reported on this topic [26].

Considering the high polarity and the strong reactivity of metformin, a question may
arise weather is the original structure the active form at the cellular level, or are other
related compounds, resulting from its reaction with some circulating molecular species,
responsible for either pharmacokinetic and/or pharmacodynamics characteristics. In this
context, it can be considered that metformin can react with circulating glucose. In fact, the
reactivity between glucose and the amino groups of the lysine residues present in protein
chains is well described by the Maillard reaction pattern [27]. As discussed by Gokhale
et al. [28], these reactions are important for evaluating both the drug’s stability and the
synthesis of related compounds. Taking into account that the formation of glycosylamines
in solution, the first step of the Maillard reaction, involves a decrease in the concentra-
tion of the drug, this is significant from the point of view of its activity. On the other
hand, related compounds can be active, thus modulating the pharmacokinetics and/or
pharmacodynamics of the drug.

In this paper, we report an investigation into the chemical reaction between glucose
and metformin, showing the formation of new products and characterizing them using
mass spectrometric techniques. It is important to emphasize that the glucose concentration
in blood is in the range 3.9–5.5 mM in normal subjects, increasing up to values higher
than 7.5 mM for diabetic patients. For a 1000 mg assumption, the metformin Cmax is
0.015 mM, while in the steady state it is in the range of 0.002–0.011 mM. Then, the possible
reaction of metformin with circulating glucose is to be considered. As a matter of fact,
in this investigation, the products originating from the glucose–metformin reaction were
found in urine samples of diabetic subjects treated with metformin, suggesting their active
role in metformin’s metabolism.

2. Results and Discussion

In previous experiments, we studied the reaction of sugars with proteins, particularly
the interactions of glucose with the ε-amino groups of the lysine residues belonging to
the protein chains [29]. These reactions follow the Maillard reaction pathway [27], i.e., the
mechanisms of the reaction between sugars and amino groups. Then, the possible reactions
between metformin and circulating glucose would be, in principle, highly favored.

2.1. Metformin–Glucose Reaction

The first step of the Maillard reaction is a sugar–amine condensation reaction that
forms an N-substituted glycosylamine [30]. The second step in the Maillard reaction is
the Amadori rearrangement, an isomerisation reaction that results in the formation of a
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ketosamine, called the Amadori compound, containing both a ketose (a sugar bearing a
ketone) and an amine (Scheme 1).
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Amadori compound thus synthesized is called metformose.

Since the Amadori compound was obtained from the reaction between glucose and
metformin, to facilitate its identification in the text, it is called metformose. It can be observed
that it maintains the main chemical properties of both glucose and metformin, but it surely
exhibits a bioactivity that is necessarily different to that of metformin. Does this reaction
occur in the experimental conditions reported in the experimental section?

2.2. MS Analysis of the Glucose/Metformin Reaction Mixture

As preliminary approach, we investigated the composition of the glucose/metformin
reaction mixture (working solution 1), obtained as described in Section 3.2, by an MS
study including ESI-positive ion mass spectra acquisitions (MS), accurate mass measure-
ments (HRMS) and collisional induced decompositions (MS/MS). The ESI-MS spectrum of
positive ions thus obtained is reported in Figure 3.

Considering that this mass spectrum was obtained by using an electrospray ionization
(ESI) source, working solution 1 was most likely composed of a mixture of compounds,
highlighting the incomplete purification of the raw reaction mixture during the flash
chromatography (see Section 3.2). However, three ion signals caught our attention, i.e.,
those at m/z 130, 274 and 292, which should represent molecular structures of interest.
The cluster signal at m/z 130 was assigned to the protonated ion of unreacted metformin
still present in the analyzed solution, although in a low quantity. The highest ion signal at
m/z 274, along with that at m/z 292, represented the compounds obtained by the reaction
between glucose and metformin. Indeed, the ion at m/z 292 could be the protonated
form of metformose, i.e., the structure proposed in Scheme 2, while that at m/z 274 could
have originated from metformose via water loss (dehydrometformose or DHmetformose). The
conversion of metformose in DHmetformose could happen both in the reaction environment
or in the ESI conditions. Regarding the mechanism of the formation of DHmetformose, it
was hypothesized that the hydroxyl group implicated in this process was that linked to
the quaternary carbon atom which reacts with the NH group(s) originally present in the
metformin structure, i.e., implying different reacting sites and different structures of the
reaction products. Then, it was considered that the water loss could lead, in principle, to



Int. J. Mol. Sci. 2024, 25, 180 5 of 13

different structures (A, B and C of Scheme 3, originating via the reaction of the hydroxyl
groups with NH groups in positions 2, 3 and 4, respectively).
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2.3. HRMS and MS/MS Analysis to Characterize the Proposed Compounds

In order to confirm our hypotheses, HRMS measurements on the above-mentioned
ion signals were carried out. The elemental composition was evaluated on the basis of each
measured accurate m/z ratio, accepting only the results with an attribution error less than
2.5 ppm and a non-integer double bond/ring equivalent (RDB) value, so as to consider only
the protonated species [31]. The HMRS results for the measured ions and their estimated
elemental compositions are reported in Table 1.

Table 1. Results of HRMS measurements on the [M+H]+ ion species (m/z) of the interesting com-
pounds found in working solution 1: theorical ion mass (m/z), calculated error (ppm), double
bond/ring equivalent (RDB) values and their estimated elemental composition.

Compound
Theorical
Ion Mass

(m/z)

Measured
Ion Mass

(m/z)

Error
(ppm *)

RDB
Equiv.

Elemental
Composition

Metformose 292.1615 292.1616 +0.1 1.5 C10H22O5N5
DHmetformose 274.1510 274.1513 +1.3 3.5 C10H20O4N5

Metformin 130.1087 130.1085 −2.0 2.5 C4H12N5

* ppm: parts per million.

The elemental compositions of the [M+H]+ ion species reported above for metfor-
mose, DHmetformose and metformin were consistent with the proposed structures (see
Schemes 2 and 3), but any information about the functional groups and their arrangement
were not gathered. To investigate the characteristics of the structures of these molecules, an
ERMS study was performed, the collected MS/MS data were processed and the collision
breakdown curves were plotted (see Figure 4 and Supplementary Materials Figure S1).
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These graphs show that, after the activation of the fragmentation channels of each
precursor ion, the product ions maintained a constant composition following the same
trend despite the exitation amplitude (ExA) increasing. These patterns describe a typical
collision induced dissociation (CID) behavior of MS/MS experiments performed in an ion
trap (IT) mass analyzer [32,33]. Indeed, the breakdown curves demonstrate that all the
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fragmentation channels of the precursor ion in the IT were simultaneously activated at a
defined ExA. Hence, after the complete dissociation of the precursor ion, the IT MS/MS
spectra differed only in the yield of product ions formation, reaching their maximum value
at a determined ExA (ExAmax). The ExAmax obtained for each studied compound (see
Table 2) was used as a specific ExA applied to monitor said compound in the MS/MS
method developed to analyze the urine samples. The MS/MS spectra at the ExAmax values
of metformose, DHmetformose and metformin are reported in Figure 5 and the Supplementary
Materials Figure S2.

Table 2. MS/MS parameters used for acquisition of the studied compounds.

Compound
Precursor Ion

(m/z)
ExAmax

(a.u.)
Product Ion Range

(m/z)

Metformose 292 30 80–300
DH-metformose 274 30 80–280

Metformin 130 35 50–140
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The MS/MS spectra of the studied compounds appeared very different from each other,
except for the signal of the product ion at m/z 113, which was present in all three spectra.
This product ion indicated a common structural moiety in the three compounds. Consider-
ing its origin from metformin, the simplest molecule, its formation was due to the loss of an
ammonia molecule (−17 Da) from the [M+H]+ species. The other main ion fragments and
the bond cleavages in metformin’s MS/MS spectrum are reported in the Supplementary
Materials Figure S3. Following the same fragmentation pathway described above for the
metformose-protonated molecule, the origins of the product ions at m/z 113 (base peak),
m/z 222 and m/z 247 were assigned (Supplementary Material Figure S4). The fragment at
m/z 180 is interesting as it should be formed by the same bond cleavage of m/z 113 but
with a different positive charge distribution. A separate discussion needs to be carried
out in the interpretation of the MS/MS spectrum of DHmetformose. In fact, three different
molecular structures have been proposed for this compound due to the different nitrogen
involved in the cycle and the consequent loss of water. The product ions shown in the
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MS/MS spectrum confirm the model of the metformin fragmentation pathway, but they do
not unequivocally clarify the structure of DHmetformose. Indeed, all its proposed isomers
can produce these ions (Supplementary Materials Figure S5).

The collected data clearly demonstrate that the metformin reacted with glucose and
that the reaction products were in agreement with the proposed structures of metformose
and DHmetformose. However, these results cannot exclude the co-presence of isomers (e.g.,
structures A, B and C of DHmetformose); therefore, to clarify this point, further spectroscopic
investigations are essential (1H- and 13C-NMR and FTIR), but some valid indication, even
if only to be considered preliminary, was obtained by HRMS and MS/MS.

2.4. MS/MS Analysis of Urine Samples

The most important question in this study is: does the reaction between glucose and
metformin occur in physiological conditions (temperature, pH, etc. . . .)? To investigate
this aspect, urine samples from three untreated subjects (samples named B, C and D) (and
one patient treated (sample A) with oral doses of metformin (1 + 1 g) were analyzed by
2D HPLC-MS/MS, monitoring the fragmentation products characteristic of metformin,
metformose and DHmetformose. The application of the 2D HPLC technique was necessary
to facilitate the analysis of the analytes in the human urine samples. In fact, it is known
that human urine has high quantities of inorganic salts, which, if they coelute with the
analytes in ESI conditions, can affect their ionization (matrix effects). Then, by injecting
the sample into the loading column (first LC dimension), all the compounds that did not
interact with the stationary phase were eliminated (e.g., inorganic salts), while the adsorbed
analytes, after the loading time, were eluted in the counter-flow and analyzed from the
analytical column (second LC dimension). The chromatographic profiles, related to the
most abundant product ions in the MS/MS spectrum of each analyte, are reported in
Figure 6.
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As can be easily observed, in the case of the urine sample from the treated patient, the
peak corresponding to metformin was present, but the peaks corresponding to metformose
and DHmetformose were also detected. In the case of the urine samples from the controls,
these three peaks were undetectable. It is worth noting that the retention times of metformose
and DHmetformose were slightly different, proving that both these compounds were gener-
ated by the reaction of glucose with metformin and that DHmetformose is not an ESI-induced
decomposition product of metformose. The nature of these peaks was confirmed by the
MS/MS related spectra, showing the presence of the peaks characteristic of metformin,
metformose and DHmetformose discussed above.

3. Materials and Methods
3.1. Chemicals

Acetonitrile, ethanol, methanol (Chromasolv grade), formic acid and ammonium
formate (MS grade), acetic acid, metformin hydrochloride and D-(+)-glucose (reagent
grade) were purchased from Merck (Milan, Italy). Ultrapure water or mQ water (resistivity
18 MΩ cm) was obtained from Millipore’s Simplicity system (Milan, Italy).

3.2. Synthesis of Glucose–Metformin Derivatives

The glucose–metformin derivatives were synthesized following a procedure reported
in the literature [34] with slight modifications. Briefly, 2.20 g of metformin (17.0 mmol) and
3.07 g of D-glucose (17.0 mmol) were weighed in a pressure tube; after that, 30 mL of ethanol
and 1 mL of acetic acid were added. The mixture was refluxed for 40 h and then cooled
to room temperature. The solvent was removed under reduced pressure, and the residue
was purified by flash chromatography on aluminum oxide (Al2O3) using 100% methanol
as an eluent, yielding the desired compounds. The methanol was removed under reduced
pressure, and 1 mg of the residue was diluted in a 1:1 ultrapure water:methanol (stock
solution). The stock solution was maintained at 4 ◦C. Working solution 1 was prepared by
diluting 0.1 mL of the stock solution up to 1 mL in the 1:1 ultrapure water:methanol mixture.

3.3. Instruments

The used high-performance liquid chromatography with a mass spectrometry detector
(HPLC-MS) system was a Thermo LTQ Orbitrap XLhybrid mass spectrometer (Waltham,
MA, USA) equipped with a Dionex Ultimate 3000 HPLC and an electrospray ion source
(ESI). Raw data were collected and processed by XCalibur 2.0. An Eppendorf 5415D
centrifuge (Merck, Milan, Italy) was employed to centrifuge the samples.

3.4. Two-Dimentional High-Performance Liquid Chromatography Method (2D-HPLC)

The chromatographic system employed for the analysis of the samples involved the
use of three pumps and a six-port valve to perform the 2D-HPLC technique. The system was
assembled around the six-port valve, which switched from the first to the second separation
dimension. This technique led to the injection of the sample, in isocratic conditions, into the
loading column (first dimension) via the loading pump; then, after swapping the position
of the valve, the retained sample components were eluted in a counter-flow manner by
analytical pumps and transferred into the chromatographic column (second dimension).
Following this, the loading column received the sample and held the components of
interest while the others were eluted to waste. These characteristics recall the solid-phase
extraction (SPE) procedure but with the advantage of being performed on-line between the
autosampler and the chromatographic column. In the second chromatographic dimension,
the chromatographic column was coupled with the mass spectrometer and led to the
separation of the retained components through a gradient elution carried out by the
analytical pump system. The 2D-HPLC procedure described above is depicted in Figure 7.
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of interest.

The solvents used in the 2D-HPLC method were as follows: ultrapure water (sol-
vent A), methanol (solvent B) and a 9:1 mixture solution of ultrapure water:methanol
(solvent C). All the solvents were added with 20 mM formic acid and 5 mM ammonium
formate. Solvents A and B were managed by the analytical pumps (second LC dimen-
sion), while solvent C was managed by the loading pump (first LC dimension). The
chromatographic program started with the injection of 20 µL of the sample solution that
was transferred from the loading pump in the Discovery®HS F5 Supelguard™ (Merck
Life Science S.r.l., Milan, Italy) 20 × 2.1 mm cartridge at 3 µm (loading column), which
was maintained for three minutes (loading time) with isocratic elution with solvent C at
0.5 mL min−1. After the loading time, the six-port valve swapped its position, allowing the
counter-flow elution of the retained compounds, transferring them in a Phenomenex Luna
PFP (2) (Phenomenex, Bologna, Italy) 50 × 2.1 mm device at 3 µm (analytical column). The
analytical column was eluted at 0.25 mL min−1 with a solvent gradient composition pro-
vided by the analytical pump system, allowing for the separation of the analytes (Figure 7).
The time program of the elution gradient was as follows: solvent B was held at 10% for
three minutes, increasing up to 90% for four minutes and then remaining for five minutes,
after which the initial conditions were restored. The loading and analytical columns were
maintained at temperature of 40 ◦C.

3.5. Mass Spectrometry Methods

The MS spectra were acquired in the positive ion mode by using an electrospray
ionization source (ESI) with the following set up: 5 kV source voltage, 35 arbitrary units
(a.u.) of sheath gas, 5 a.u. of auxiliary gas, an entrance capillary voltage of 40 V and
a temperature of 280 ◦C and a 20 V tube lens. The low-resolution mass spectra (MS
spectra) were acquired using the LTQ ion trap of the hybrid mass spectrometer system
by monitoring the positive ions in the range between m/z 80 and 350. An Orbitrap mass
analyzer, set at 60,000 units of power resolution (FWHM), acquired the high-resolution
mass spectrometry (HRMS) analyses in the range from m/z 80 to 350. The fragmentation
study of the [M+H]+ species of each studied analyte and the selection of the appropriate
excitation amplitude (ExA) to set up the tandem mass spectrometry (MS/MS) method
were carried out by energy-resolved mass spectrometry (ERMS) experiments. The ERMS
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experiments consisted of a series of product ion scan (MS/MS) analyses at ExA values
varying in the range of 0–50 arbitrary units (a.u.) with a fixed excitation time (ExT) of
50 milliseconds (ms). The ERMS experiments were performed by introducing working
solution 1 (see Section 3.2) via a syringe pump at 10 µL min−1; the [M+H]+ species of
the studied analyte were selected (precursor ions), and the related MS/MS spectra were
registered (q = 0.25). The obtained data were used to build the graphs that describe the
energetic dimension of the collision-induced dissociation (CID) process for each precursor
ion [32,33].

The data from the ERMS experiments were processed and used to define the parame-
ters to be set in the 2D HPLC-MS/MS method. These parameters could be common for all
the analytes, such as an isolation width of 3 m/z, 0.25 as the q value and an excitation time
(ExT) value of 50 ms, or they could be specific for each MS/MS event. The specific MS/MS
parameters used for each analyte are listed and reported in Table 2.

3.6. Urine Sample Preparation

Each urine sample was prepared by 1:20 dilution with a 1:1 ultrapure water:methanol
mixture in a microcentrifuge tube. The obtained solution was centrifuged at 10,000 r.p.m
for 5 min, and the surnatant was transferred in an autosampler vial. The final sample
solutions were analyzed by the above-described 2D HPLC-MS/MS method. The study was
conducted in accordance with the Declaration of Helsinki, and the protocol was approved
by the local Ethics Committee (Comitato Etico Regionale per la Sperimentazione Clinica
della Regione Toscana, Sezione AREA VASTA CENTRO) Institutional Review Board (CE:
11166_spe, 11 September 2018 and CE: 10443_oss, 14 February 2017).

4. Conclusions

The results of the present study show that metformin reacts with glucose following
the Maillard reaction pattern, leading to the formation of adducts originating from the
condensation of the two molecular species with losses of one or two water molecules. These
species, called metformose and DHmetformose, were detected in urine samples from diabetic
patients treated with metformin, and consequently they must be considered metabolites
of the drug, which have never been identified before now. It is worth to emphasize the
chemical nature of these compounds that exhibit a glucose-related substructure, which
could reflect a possibly better transfer ability through cell membranes. In fact, it must be
considered that glucose is transferred inside the cells by specific membrane transporter pro-
teins (GLUT proteins). Many isoforms of glucose transporter proteins have been identified
in the human genome, and each of them changes its conformation to allow the passage of
glucose to the other side of the cell membrane [29,35–37]. In particular, the isoform GLUT2,
expressed by renal tubular cells, liver cells and pancreatic beta cells, is a bidirectional
transporter, allowing glucose to flow in both directions (Figure 2).

The above considerations seem to indicate that metformose and DHmetfomose, due to
the presence of the glucose substructure, can be transported at the cellular level by GLUT
proteins, still maintaining metformin’s activity. In other words, not only can organic cation
transporter (OCT) be invoked to explain the action of metformin in liver cells, as described
in the introduction section, but GLUT proteins can also play a role by interacting with
alternative substrates (metformose and/or DHmetformose). The latter possibility opens the
way to new hypotheses about the biological targets of metformin, in agreement with the
results reported by Jeong and Jusko [21] and Bailey and Puah [22].

Interesting new data on metformin were presented in this manuscript, but it should
be considered a preliminary investigation. Further studies are now in progress to evaluate
the action of metformose and DHmetformose at the cellular level, their pharmacokinetics and
the structural identification of DHmetformose(s) by other spectroscopic investigations (1H-
and 13C-NMR and FTIR).



Int. J. Mol. Sci. 2024, 25, 180 12 of 13

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms25010180/s1.

Author Contributions: Conceptualization, G.B. and P.T.; data curation, M.P. and L.B.; formal anal-
ysis, M.P. and L.B.; investigation, G.B., S.D., E.T., A.L., G.S. and P.T.; methodology, G.B. and P.T.;
writing—original draft, G.B. and P.T. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and the protocol was approved by the local Ethics Committee (Comitato Etico Regionale
per la Sperimentazione Clinica della Regione Toscana, Sezione AREA VASTA CENTRO) Institutional
Review Board (CE: 11166_spe, 11/09/2018 and CE: 10443_oss, 14 February 2017).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data is contained within the article.

Acknowledgments: The authors dedicate this manuscript to the memory of Silvia Dei. We will miss
you Silvia.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bailey, C.J. Metformin: Historical overview. Diabetologia 2017, 60, 1566–1576. [CrossRef] [PubMed]
2. Sterne, J. Du nouveau dans les antidiabétiques. La NNdimethylamine guanyl guanidine (N.N.D.G.). Maroc. Med. 1957, 36,

1295–1296, (Article in French).
3. Pasik, C. Diabetes and the biguanides: The mystery of each. In Glucophage: Serving Diabetology for 40 Years; Pasik, C., Ed.; Groupe

Lipha: Lyon, France, 1997; p. 79.
4. Howlett, H.C.S.; Bailey, C.J. Metformin: A chemical perspective. In Metformin, the Gold Standard; Bailey, C.J., Campbell, I.W., Chan,

J.C.N., Davidson, J.A., Howlett, H.C.S., Ritz, P., Eds.; A Scientific Handbook; Wiley: Chichester, NH, USA, 2007; pp. 23–28.
5. Rena, G.; Ewan, E.; Ewan, R.P.; Sakamoto, K. Molecular mechanism of action of metformin: Old or new insights? Diabetologia

2013, 56, 1898–1906. [CrossRef]
6. Miller, R.A.; Chu, Q.; Xie, J.; Foretz, M.; Viollet, B.; Birnbaum, M.J. Biguanides suppress hepatic glucagon signalling by decreasing

production of cyclic AMP. Nature 2013, 494, 256–260. [CrossRef] [PubMed]
7. Madiraju, A.K.; Erion, D.M.; Rahimi, Y.; Zhang, X.-M.; Braddock, D.T.; Albright, R.A.; Prigaro, B.J.; Wood, J.L.; Bhanot, S.;

Macdonald, M.J.; et al. Metformin suppresses gluconeogenesis by inhibiting mitochondrial glycerophosphate dehydrogenase.
Nature 2014, 510, 542–546. [CrossRef] [PubMed]

8. UK Prospective Diabetes Study (UKPDS) Group. Effect of intensive blood-glucose control with metformin on complications in
overweight patients with type 2 diabetes (UKPDS 34). Lancet 1998, 352, 854–865. [CrossRef]

9. Libby, G.; Donnelly, L.A.; Donnan, P.T.; Alessi, D.R.; Morris, A.D.; Evans, J.M. New users of metformin are at low risk of incident
cancer: A cohort study among people with type 2 diabetes. Diabetes Care 2009, 32, 1620–1625. [CrossRef]

10. Evans, J.M.M.; Donnelly, L.A.; Emslie-Smith, A.M.; Alessi, D.R.; Morris, A.D. Metformin and reduced risk of cancer in diabetic
patients. BMJ 2005, 330, 1304–1305. [CrossRef]

11. Noto, H.; Goto, A.; Tsujimoto, T.; Noda, M. Cancer risk in diabetic patients treated with metformin: A systematic review and
meta-analysis. PLoS ONE 2012, 7, e33411. [CrossRef]

12. van Staa, T.P.; Patel, D.; Gallagher, A.M.; de Bruin, M.L. Glucose lowering agents and the patterns of risk for cancer: A study with
the General Practice Research Database and secondary care data. Diabetologia 2012, 55, 654–665. [CrossRef]

13. Craig, P.N. Drug compendium. In Comprehensive Medicinal Chemistry; Hansch, C., Sammes, P.G., Taylor, J.B., Eds.; Pergamon
Press: Oxford, UK, 1990; Volume 6, pp. 237–965.

14. Clarke, G.S.; Bretnall, A.E. Metformin hydrochloride. In Analytical Profiles of Drug Substances and Excipients; Brittain, H.G., Ed.;
Academic Press: San Diego, CA, USA, 1998; pp. 243–284.

15. Shu, Y.; Sheardown, S.A.; Brown, C.; Owen, R.P.; Zhang, S.; Castro, R.A.; Ianculescu, A.G.; Yue, L.; Lo, J.C.; Burchard, E.G.; et al.
Effect of genetic variation in the organic cation transporter 1 (OCT1) on metformin action. J. Clin. Investig. 2007, 117, 1422–1431.
[CrossRef]

16. Scheen, A.J. Clinical Pharmacokinetics of Metformin. Clin. Pharmacokinet 1996, 30, 359–371. [CrossRef] [PubMed]
17. Tucker, G.T.; Casey, C.; Phillips, P.J.; Connor, H.; Ward, J.D.; Woods, H.F. Metformin kinetics in healthy subjects and in patients

with diabetes mellitus. Br. J. Clin. Pharmacol. 1981, 12, 235–246. [CrossRef] [PubMed]
18. Sirtori, C.R.; Franceschini, G.; Galli-Kienle, M.; Cighetti, G.; Galli, G.; Bondioli, A.; Conti, F. Disposition of metformin (N,N-

dimethylbiguanide) in man. Clin. Pharmacol. Ther. 1978, 24, 683–693. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms25010180/s1
https://www.mdpi.com/article/10.3390/ijms25010180/s1
https://doi.org/10.1007/s00125-017-4318-z
https://www.ncbi.nlm.nih.gov/pubmed/28776081
https://doi.org/10.1007/s00125-013-2991-0
https://doi.org/10.1038/nature11808
https://www.ncbi.nlm.nih.gov/pubmed/23292513
https://doi.org/10.1038/nature13270
https://www.ncbi.nlm.nih.gov/pubmed/24847880
https://doi.org/10.1016/S0140-6736(98)07037-8
https://doi.org/10.2337/dc08-2175
https://doi.org/10.1136/bmj.38415.708634.F7
https://doi.org/10.1371/journal.pone.0033411
https://doi.org/10.1007/s00125-011-2390-3
https://doi.org/10.1172/JCI30558
https://doi.org/10.2165/00003088-199630050-00003
https://www.ncbi.nlm.nih.gov/pubmed/8743335
https://doi.org/10.1111/j.1365-2125.1981.tb01206.x
https://www.ncbi.nlm.nih.gov/pubmed/7306436
https://doi.org/10.1002/cpt1978246683
https://www.ncbi.nlm.nih.gov/pubmed/710026


Int. J. Mol. Sci. 2024, 25, 180 13 of 13

19. Pentikäinen, P.J.; Neuvonen, P.J.; Penttilä, A. Pharmacokinetics of metformin after intravenous and oral administration to man.
Eur. J. Clin. Pharmacol. 1979, 16, 195–202. [CrossRef] [PubMed]

20. Graham, G.G.; Punt, J.; Arora, M.; Day, R.O.; Doogue, M.P.; Duong, J.; Furlong, T.J.; Greenfield, J.R.; Greenup, L.C.; Kirkpatrick,
C.M.; et al. Clinical Pharmacokinetics of Metformin. Clin. Pharmacokinet. 2011, 50, 81–98. [CrossRef] [PubMed]

21. Jeong, Y.S.; Jusko, W.J. Meta-Assessment of Metformin Absorption and Disposition Pharmacokinetics in Nine Species. Pharmaceu-
ticals 2021, 14, 545. [CrossRef] [PubMed]

22. Bailey, C.J.; Puah, J.A. Effect of metformin on glucose metabolism in mouse soleus muscle. Diabete Metab. J. 1986, 12, 212–218.
23. Rossetti, L.; De Fronzo, R.A.; Gherzi, R.; Stein, P.; Andraghetti, G.; Falzetti, G.; Shulman, G.I.; KleinRobbenhaar, E.; Cordera,

R. Effect of metformin treatment on insulin action in diabetic rats: In vivo and in vitro correlations. Metab. Clin. Exp. 1990, 39,
425–435. [CrossRef]

24. Kirpichnikov, D.; McFarlane, S.I.; Sowers, J.R. Metformin: An Update. Ann. Intern. Med. 2002, 137, 25–33. [CrossRef]
25. Bailey, C.J.; Mynett, K.J.; Page, T. Importance of the intestine as a site of metformin-stimulated glucose utilization. Br. J. Pharmacol.

1994, 112, 671–675. [CrossRef] [PubMed]
26. Rahbar, S.; Natarajan, R.; Yerneni, K.; Scott, S.; Gonzales, N.; Nadler, J.L. Evidence that pioglitazone, metformin and pentoxifylline

are inhibitors of glycation. Clin. Chim. Acta 2000, 301, 65–77. [CrossRef] [PubMed]
27. Maillard, L.C. Action des acides amines sur les sucres; formation de melanoidines par voie méthodique. C. R. Acad. Sci. Paris

1912, 154, 66–68.
28. Gokhale, M.Y.; Kearney, W.R.; Kirsch, L.E. Glycosylation of aromatic amines I: Characterization of reaction products and kinetic

scheme. AAPS PharmSciTech 2009, 10, 317–328. [CrossRef]
29. D’Aronco, S.; Crotti, S.; Agostini, M.; Traldi, P.; Chilelli, N.C.; Lapolla, A. The role of mass spectrometry in studies of glycation

processes and diabetes management. Mass Spectrom. Rev. 2019, 38, 112146. [CrossRef]
30. Understanding the Maillard Reaction, Exploring Everyday Chemistry (University of York). Available online: https://www.

futurelearn.com/info/courses/everyday-chemistry/0/steps/22336 (accessed on 27 September 2023).
31. Marshall, A.G.; Hendrickson, C.L. High-resolution mass spectrometers. Annu. Rev. Anal. Chem. 2008, 1, 579–599. [CrossRef]
32. Pallecchi, M.; Lucio, L.; Braconi, L.; Menicatti, M.; Dei, S.; Teodori, E.; Bartolucci, G. Isomers Recognition in HPLC-MS/MS

Analysis of Human Plasma Samples by Using an Ion Trap Supported by a Linear Equations-Based Algorithm. Int. J. Mol. Sci.
2023, 24, 11155. [CrossRef]

33. Bellumori, M.; Pallecchi, M.; Zonfrillo, B.; Lucio, L.; Menicatti, M.; Innocenti, M.; Mulinacci, N.; Bartolucci, G. Study of Mono
and Di-O-caffeoylquinic Acid Isomers in Acmella oleracea Extracts by HPLC-MS/MS and Application of Linear Equation of
Deconvolution Analysis Algorithm for Their Characterization. Pharmaceuticals 2023, 16, 1375. [CrossRef]

34. Xin, G.; Ming, Y.; Ji, C.; Wei, Z.; Li, S.; Morris-Natschke, S.L.; Zhang, B.; Zhang, J.; Xing, Z.; He, Y.; et al. Novel potent antiplatelet
thrombotic agent derived from buguanide for ischemic stroke. Eur. J. Med. Chem. 2020, 200, 112462. [CrossRef]

35. Oka, Y.; Asano, T.; Shibasaki, Y.; Lin, J.L.; Tsukuda, K.; Katagiri, H.; Akanuma, Y.; Takaku, F. C-terminal truncatedglucose
transporter is locked into an inward-facing form without transport activity. Nature 1990, 345, 550–553. [CrossRef]

36. Hebert, D.N.; Carruthers, A. Glucose transporter oligomeric structure determines transporter function. Reversible redox-
dependent interconversions of tetrameric and dimeric GLUT1. J. Biol. Chem. 1992, 267, 23829–23838. [CrossRef] [PubMed]

37. Cloherty, E.K.; Sultzman, L.A.; Zottola, R.J.; Carruthers, A. Net sugar transport is a multistep process. Evidence for cytosolic
sugar binding sites in erythrocytes. Biochemistry 1995, 34, 15395–15406. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/BF00562061
https://www.ncbi.nlm.nih.gov/pubmed/499320
https://doi.org/10.2165/11534750-000000000-00000
https://www.ncbi.nlm.nih.gov/pubmed/21241070
https://doi.org/10.3390/ph14060545
https://www.ncbi.nlm.nih.gov/pubmed/34200427
https://doi.org/10.1016/0026-0495(90)90259-F
https://doi.org/10.7326/0003-4819-137-1-200207020-00009
https://doi.org/10.1111/j.1476-5381.1994.tb13128.x
https://www.ncbi.nlm.nih.gov/pubmed/8075887
https://doi.org/10.1016/S0009-8981(00)00327-2
https://www.ncbi.nlm.nih.gov/pubmed/11020463
https://doi.org/10.1208/s12249-009-9209-2
https://doi.org/10.1002/mas.21576
https://www.futurelearn.com/info/courses/everyday-chemistry/0/steps/22336
https://www.futurelearn.com/info/courses/everyday-chemistry/0/steps/22336
https://doi.org/10.1146/annurev.anchem.1.031207.112945
https://doi.org/10.3390/ijms241311155
https://doi.org/10.3390/ph16101375
https://doi.org/10.1016/j.ejmech.2020.112462
https://doi.org/10.1038/345550a0
https://doi.org/10.1016/S0021-9258(18)35912-X
https://www.ncbi.nlm.nih.gov/pubmed/1429721
https://doi.org/10.1021/bi00047a002
https://www.ncbi.nlm.nih.gov/pubmed/7492539

	Introduction 
	Results and Discussion 
	Metformin–Glucose Reaction 
	MS Analysis of the Glucose/Metformin Reaction Mixture 
	HRMS and MS/MS Analysis to Characterize the Proposed Compounds 
	MS/MS Analysis of Urine Samples 

	Materials and Methods 
	Chemicals 
	Synthesis of Glucose–Metformin Derivatives 
	Instruments 
	Two-Dimentional High-Performance Liquid Chromatography Method (2D-HPLC) 
	Mass Spectrometry Methods 
	Urine Sample Preparation 

	Conclusions 
	References

