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Introduction

Metformin (1,1-dimethylbiguanide) is a water-solule strong basic compound (1) belonging to
the group of the biguanides.It has a molecular weight of 129,16,while metformin hydrochloride
(Glucophage) has a m.w. of 165,62. Since 1957, when the ,,second life” of the biguanides started (2) to
reach nowdays about 200 million doses/day worldwide for treatment of overweight persons
with diabetes type II alone or in combination with other orally administered antidiabetic compounds
or with insulin (3).Many elderly diabetics type 2 suffer from hypertension and also take diuretics
and other antihypertensive medication in addition to metformin (4).

1. History of Biguanide: From the First Animal Experiments to the Use of Synthetic Compounds
for Oral Use in Overweight Type 2 Diabetics

After Minkowski in 1889 presented his observation that the pancreas is the source of a substance
which regulates the glucose serum level (5), Falkenberg in 1891 reported his observation on the
thyroidectomized dogs.Of 16 dogs, which died as a consequence of the operation, 11 presented
glycosuria and two of the long-term survivors (several months) were diagnosed by Falkenberg (6) to
suffer from what he called diabetes (in both cases parathyroid glands were found in place at
autopsy).Glycosuria under such conditions was confirmed by Hirsch 1906 (7).

While looking for the substance responsible for tetanic symptoms observed in
parathyreodectomized animals Fithner H (8) found that the substance guanidine, a product of
protein metabolism, eliminated in the urine (9,10), causes muscle contraction by directly acting on
the nerval plate (8). On the other hand,it was also found that a thyreoparathyreodectomy in dogs
also causes hypoglycemia and depletion of glycogen deposits in the liver and no glycosuria
(11).Extirpation of three parathyroid glands caused a reduction of absorption of dextrose given by
mouth or subcutaneously.Normalisation of calcium serum level by administration of calcium lactate
resulted in normalisation of blood sugar content (12), while it had been shown that ammonia
elimination into the urine was increased (13). At the same time Burns and Sharpe demonstrated a
marked increase of guanidine in the urine and blood of parathyreidectomized dogs and in the urine
of children with idiopathic tetany (14).On the basis of the assumption that parathyroids are involved
in glucose metabolism,Watanabe first studied the effect of subcutaneous guanidine administration
on rabbit blood sugar levels and on urinary excretion of glucose and of ammonia (15-18).He
administered guanidine hydrochloride subcutaneously into rabbits which were kept without food
and water after administration and several blood glucose tests were performed after the start of the
experiments.A decrease of glucose serum level was observed, wich was paralleled by a deterioration
of general conditions until death occurred.

Frank,Nothemann and Wagner in 1926 (19) first studied the hypoglycemic effect of guanidine
on rabbits and realized that it worked like a poison after subcutaneous administration and that,
before death, the animals developed hyperglycemia.Authors then tested herring-sperm extracted-
and then synthetically produced- guanidine. They called it Agmatin (aminobuthylenguanidine,
derived from the amino acid arginine). In the attempt to dissociate the toxic from the hypoglycemic
effect, they found that a non-toxic dose of this compound was able to induce a decrease of glycemia
.A further modification to aminopenthylguanidine was able to induce a decrease of blood glucose
similar to that observed after insulin administration. In an attempt to increase the glucose-lowering
effect, structural modifications were performed and synthalin A and B were generated. Subcutaneous
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injection of the substances in pancreatectomized dogs was able to reduce blood sugar concentration
in a dose-dependent manner before toxicity symptoms became evident.The speed of the
hypoglycemic effec was slower than that observed after insulin injection. A small increase of the dosis
given orally was sufficient to achieve an effect similar to that observed after the subcutaneous
administration .“Die Versuche iiber die wir bis jetzt berichtet haben,sind fast simtlich mittels subcutaner
Einverleibung ausgefiihrt. Es stellte sich bald heraus,dass die orale Darreichung diesen Stoffen nichts von ihrer
Wirksamkeit nimmt” (19 p. 2102).Die Tatsache der oralen Wirksamkeit eines antidiabetischen Agens ist
praktisch so bedeutsam,dafS sie zur Anwendung des aktivsten Korpers der ganzen Reihe, des Synthalins, auf
den Menschen verlocken mufte.Die Ubertragung in die menschliche Therapie durfte aber nur sehr vorsichtig
vorgenommen werden; denn unsere Korper stellen kein hypoglykimisierendes Prinzip in schirfster Reinheit
dar wie das Insulin, sondern es haftet ihnen noch ein Rest der Toxizitit der Guanidine an, anscheinend nicht
mehr die Erzeugung allgemeiner Ubererregbarkeit des Nervensystems, die den methylierten Derivaten des
Guanidins das Tetaniegift vermuten lift, sondern eine andere, uns ebenfalls bereits von der chronischen
Guanidinvergiftung der Katze her bekannte Wirkung, die sich in Freffunlust, Neiqung zu Erbrechen,
verbunden mit der Mattigkeit der Tiere duflert”.

After the maximal toxic dosis in rabbits and dogs was found, first clinical attemps in diabetic
persons were mature.The effect of orally administered synthalin was compared to that of
subcutaneously administered insulin, namlely on the effect of peripheral glucose consumption and
on glucose storage as glycogen.”Il. Wir versuchten experimentell festzustelle einerseits ,0b die Substanz die
Verwertung des Zuckers in den Verbrauchsorganen begiinstigt und andererseits seine Speicherung als
Glykogen fordert, das heif$t also, ob sich die Wirkung unseres Priparates mit denen des Insulins vergleichen
lassen” (19 p.2012)

To demonstrate the first effect, insulin was injected into the arteria femoralis of a
pancreatectomized dog and a decrease of venous blood glucose level compared to the arterial level
was determined.A similar effect was reported after intraarterial injection of synthalin.While a higher
venous glucose level could be observed three hours and 50 minutes after the intraarterial injection,
a continous increase of the difference between the venous and the arterial glycemia up to 22 mg,
two hours and 45 minuntes after the injection, was observed. It took two hours before the biginning
of the decrease of glucose blood levels could be observed in this dog.The authors hypothesized an
extrahepatic consumption of glucose as observed after injection of insulin.Contrary to what could be
observed after administration of insulin, however, only trace amounts of hepatic glycogen were
found in the pancreatectomized fasting dog when non-toxic amounts of synthalin were
injected(19)....Sie erlauben aber trotzdem mit Sicherheit den Schluss,dafS es auch mit unserer Substanz
moglich isteinen Glykogenansatz bei pankreasdiabetischen Hunden zu erzielenda wir aus den
Untersuchungen Minkowskis wissen,daf§ das Glykogen der Leber diabetischer Hunde nach kurzer Zeit
regelmifig bis auf minimalste Spuren verschwindet und auch nach Verfiitterung von sehr grofien
Traubenzuckermengen-170 g-nur ganz geringe Glykogenmengen-im Hochstfalle waren es 0,14%-
nachzuweisen sind” (19,p 2013).

After the successful animal experiments were considered concluded, first diabetes patients were
treated with synthalin.Therapy was started with different dosages in insulin-dependent patients ,
insulin dosages could be reduced and glycosuria disappeared.After two, three days however,
therapy had to be temporarily interrupted (24-36 hours) because of gastrointestinal side
effects:nausea,vomiting,diarrhea,gastric pain.The therapy was more successful if accompained by a
diet.”Die Pause ist aber notwendig, da das Priparat Nebenwirkungen besitzt, die sich bei den von uns jetzt
gewihlten Schemata fast gar nicht mehr, bei Uberdosierung aber sehr schnell bemerkbar machen kinnen. Sie
bestehen in Appetitlosigkeit, Driicken in der Magengegend, Unbehagen im Leibe und beschleugneter Peristaltik
und konnen sich bei starker Uberdosierung zu Ubelkeit, Nausea und schlieflich zu Erbrechen und gelegentlich
zu Durchfillen steigern” (19,p.2106)

Under these conditions, authors calculated that 1 mg synthalin administered orally generated
the same effect as one unit insulin (20) in the reduction of the amount of glucose eliminated in the
urine.Furthermore, authors found that synthalin was able to reduce the serum glucose level below
the glucosuric concentration, to abolish acidotic episodes and to reduce the symptoms of the disease,
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namely polyuria and polydypsia.Comparable results were obtained by oral and subcutaneous
application of the substance.

In a comment to the presentation of his coworkers, professor Minkowski(21) certified that the
data generated in his own department were valid. Based on previous experiences from the use of
similar compounds,he however also expressed some caveats as to the insulin-like effects attributed
to previously used substances,they could be due either to the calorie- restricted diet alone or to the
impairment of the proper intestinal glucose handling .He meant that it was justified to define
synthalin as” insulin-like substance”.It however should not be considered as an insulin ,,substitute”
as the effect was not as strong and rapid as that of insulin (20).

He added to his judgment that it was too early to definitively decide about the grade of efficacy
for the treatment of mild diabetes and for the possibility to develop substances with less side effects.
He also prophetically supposed that in short time there would be many experiences from several
sites. He expressed the wish that such trials and their reporting would be performed with necessary,
strong scientific rigor.He prophetically wished that previously reported similar insulin-like effects
of natural anti-diabetic substances should be studied again under the actual conditions as reported

by his coworkers(19).
After the first supporting experiences were published (22-26), Frank, Nothmann and Wagner
published  their  next  experience  with the ,new”  bigunanidesynthalin B

(dodecamethylendiguanidin).This was a further molecular development in the attempt to reduce the
gastrointestinal side effects observed whith synthalin(27). Initially, the substance induced
diarrhea,which was more frequent than under synthalin but less strong and more
temporary.Indication for this therapy was considered to be diabetes of the older patient normally
reluctant to take the prescribed diet ,while treatment of choice for the joung diabetic patient remained
insulin administration (27).Synthalin B was approved in Germany and also made available for further
studies in England (28) and in the United States of America (29). These experiences delivered some
support but also confirmed the high frequency of gastrointestinal side effects (28,29).The data were
summarized and also critically commented in an article in Nature in January 1928 (29) .It was
underlined that synthalin, in spite of the advantages of the oral administration and of its more
prolonged action, is not comparable to insulin because its action is slower in onset and because of the
unpleasent side effects ,, suggesting intestinal irritation”(29).The author repeated the judgment of the
late Minkowski 1926 that synthalin was not ,, a substitute for insulin“ BUT THE FIRST RESULTS
OBTAINED WITH THAT SUBSTANCE WOULD ENCOURAGE the continuation of the search for
better compounds with insulin-like effects (29). In spite of these positive experiences the search for
new guanidine-compounds continued (30) and synthalin remained as an oral ANTIDIABETIC
DRUG on the german market until 1940. Then retraction from the maket occurred because of the
seldom but fatal acidosis .Other compounds were developed and used for treatment of obese type 2
diabetics (30-33) until retraction for the same reason was determined. Metformin, a ,new” biguanide
was first described by Sterne 1957 (2 ) and first approved in France 1959.1t was used in the UK where
the lowering effect on body weight was described when compared to the opposite result obtained
with chlorpropamide after twelve months of treatment in obese diabetics (34).By that time ,some
non-tissue-forming catabolic process” should be hypothesized if reduction in food intake was not the
explanation for the tendency of weight loss in obese diabetics ( 34,35).After the positive trial results
were published (36-38 )metformin was approved as one more oral antidiabetic drug in the United
States in 1995 ( DeFronzo 36-38 ) and defined 1996 as the ,,cousin” of phenformin by Campbell
and collagues (39).

United Kingdom Prospective Diabetes Study (UKPDS) and Metformin

After several reports claimimg positive effects of orally administered drugs including metformin
alone or in combination with other oral substances (39 ) but also with insulin (40 ) were published,
,new medications for attempting to nearly normalize blood glucose levels could not have arrived at
a better time” ( 41) the enthusiasm about metformin,the first drug that did not induce increase of
body weight, did not induce increase of insulin serum level, built up continuously although the true
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mechanism of action of this compound, which was poorly absorbed (30% eliminated with the stool)
and quickly eliminated unchanged via urine was only speculative.In addition, dose-dependent
gastrointestinal side effects caused the drug to be withdrawn in up to 50 % of the study patients (42-
45).

The results of the large UKPDS-trial, which was started 1977 in England, contributed to the
enormous ,popularity” of the substance (46,47).The UKPDS-reported positive results in the
reduction of microvascular consequences of type 2 diabetes in the subgroup of overweight diabetics
treated with metformin.They represented,in spite of several critical comments (48-51)especially
about the statistical significance of the obtained results, the definitive establishment of long-term
oral therapy alone and/or in combination with insulin (52) and other oral antidiabetic drugs (53).

UKPDS: Some Details About the Metformin Response (46,47)

One thousend seven hundred and four overweight patients with newly diagnosed diabetes
mellitus type 2 in 15 centers in the UK were randomized in 4 groups: 1l.simple diet high in
carbohydrates and fibers and low in saturated fats with calory restriction
(411=24%),2.chlorpropamide group (265=16%),3.glibenclamide group (277=16%),4.insulin group
(409=24%).A comparison of the results of the 411 overweight patients under conventional treatment
(simple energy restricted diet) and of the 342 overweight patients treated on energy restricted diet
with metformin was performed after a 10.7 years of median duration (46,47).Furthermore, a
comparison of the results observed in the metformin group (34=20%) was performed with those
observed in the 951 patients of the three groups of patients under intensive therapy with
chlorpropamide,glibenclamide or insulin (46).

In addition, results obtained in a group of patients,both normal weight and overweight,who
1990 were found to have a fasting plasma glucose between 6.1 and 15.0 mmol/L without symptoms
of hyperglycemia (48), despite maximum sulphonylurea dose, were then divided into a group
continuing solphonylurea alone (268 patients) and a second group on sulphonylurea and metformin
(269 patients) .If those patients on sulphonylurea alone developed marked hyperglycemina
metformin was added.

If the patients on the combination therapy developed marked hyperglycemia, therapy was
changed to insulin.The finding of increased mortality in the group of metformin- and sulphonylurea-
therapy-patients suggested a comparison of the two groups.

The results in terms of mortality of combination of the two drugs (sulphonylurea and
metformin) were also compared with the other therapy groups.

Metformin was started with a dose of 850 mg/day which was then increased to twice daily; then
two tablets in the morning and one in the evening meal were given.When symptoms of
diarrhea,nausea or other gastrointestinal disturbances occurred, the daily dose was reduced to that
which did not cause such side effects.

When marked hyperglycemia developed, glibenclamide was added to metformin. When the
combination also failed to reach the goal of a fasting plasma glucose under 6.0 mmol/L ,therapy was
switched to insulin.

The study was closed 1997 after 20 years with a median follow-up of 10.7 years for the original
groups and of 4 years for the two groups which were randomized 1990 (after 7.1 years from the first
randomisation) when metformin was added to sulphonylurea.Authors stated that the data obtained
,suggest” that metformin added to diet-treated overweight patients with diabetes type 2 reduced the
risk of diabetes -related endpoints,diabetes-related death and all-cause mortality.On the contrary,
addition of metformin to sulphonylurea increased risk of death and all-cause mortality (within the
4 years after randomisation!) both in non-overweight and overweight patients.The surprising
finding, however, was also that metformin did not reduce cancer-related mortality (18/341 compared
to the diet-alone group (21/411),even more surprising was the finding that the number of cancer
related-deaths in the combination therapy group was more than double (14/268) than in the
sulphonylurea only group (6/269).Authors also commented the positive findings in the metformin-
diet-treated overweight patients compared to the diet-only group in spite of comparable HbAlc-
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improvement that ,, the additional effect of metformin on risk reduction of all the endpoints attributed
to the hyperglycemia is not explicable by the improvement of the glycemic control”.

In addition,although the serum levels of total cholesterol, LDL-cholesterol and HDL-cholesterol
were added to the patient’s basic characteristics and further measurements were performed at each
visit 3,6,12 months and every year thereafter, no significant role was attributable to their changes
even in those patients who were unresponsive to high dose of insulin( ).Unfortunately the relvance
of this finding was not discussed in consideration of the mounting literature output claiming the
central role of serum lipids in the food and in the blood for artherosclerosis and microvascular and
macrovascular endpoints (49-51).

A possible role of cigarette smoke and of consumption of alcoholic beverages on some
cardivascular endpoints (e.g stroke) and cancer development, was not discussed.

In fact,although the approximative numbers of patients reporting cigarette smoke and intake of
alcoholic beverages (without quantitative mention) were given under the patient characteristics at
baseline, there was no request of this attitude in the questionary presented at each control visit (at
least not reported in the publications) and no separate analysis of such relevant risky behaviour was
performed for the dead patients.

The overwehlming role of cigarette smoke not only on cancer development but also as a risk
factor for development of coronary heart disease (52) was already known in the early 1950ties from
the Framingham study in the USA (53) confirmed later (54,55) and from the investigations of Doll
in the UK (56-58) .But also within the seven countries study (59) as supported by Grombaek et al.(60)
the negative role of heavy consumption of alcoholic beverages on survival was underlined (61)

An oral therapy was too appealing for the increasing number of patients with increasing body
mass index (BMI) and diabetes type 2. Although the effect of this therapy on the macrovascular
consequences attributed to diabetes,stroke,fatal or non fatal myocardial infarction ,peripheral arterial
obstructive disease was quite low (30% risk reduction compared to diet-only), not-significant
compared to the other treatment groups, an optimistic ,suggestion” was made without discussing
that cigarette smoke was the leading cause of cardivascular disease and death, followed by cancer-
related deaths (52,61).The optimistic consequences drawn from the study were also criticised
(especially from the statistically point of view) by different diabetologists (62-66).

Ten years later It was confirmed that metformin reduces glucose serum level, it also reduceses
the serum level of insulin.This especially during the early and temporary (up to 1 year after therapy
begin) decrease of body weight in obese patients with type 2 diabetes (67).

Pharmakocinetic and Pharmacodynamic of Metformin

After oral administration of metformin hydrochloride, about 60% of the compound is absorbed
in the first part of the small intestine ,taken up by the liver and from that organ released into the
systemic circulation and eliminated unchanged through the kidney by glomerular filtration but also
by tubular secretion and can be found to fast 100% in the urine (68). After intravenous administration,
Pentikdinen found some C14-labelled metformin in the saliva but not in the faeces(69).After oral
administration of C14-metformin the bioavalibility in three of healthy volunteers was 61% and 51%
of the administered dose was found at 48 hours.The recovery in the feces of one volunteer from whom
the stool was collected for one week was 29.4% and 90.5 % together with the activity recovered in the
urine.Metformin was not bound to proteins neither in vivo nor in vitro (69).

Cl1-metformin (9.5 microSv/MBg=ca.l.1 microgram), first injected intravenously, allowed to
study its biodistribution in humans (70) by the PET-scan technique.Most of the activity was found in
the liver,the kidney and the urinary bladder.Activity peaked immediately after injection and most of
the compound was cleared from the blood 20 minutes after injection.In the kidney there was a quick
intense activity (80% of the injected activity) with an equally rapid decrease with a reversibility
velocity similar to that of the liver but faster.In the liver the peak of the activity was of course lower
(15% of that in the kidney) because of the much larger volume of the cellular distribution (Fig 1 upper
panel).
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After rapid ingestion of the strong basic compound C11-metformin (18.1micro Sv/MBgq,half-life=
20.4 minutes) dissolved in water containing 100mM (NH4)2-HPO4 [pH=5], consecutive whole-body
scans were performed.Dosimetry calculations were performed for the stomach content,small
intestine liver, kidney and bladder content.It was demonstrated that hepatic metformin uptake is
very rapid and fully reversible but the accumulation of the activity is higher than after the
intravenous administration, as ,although slower, the tracer delivery comes from the portal blood
through the liver first.Two hours after the oral ingestion of the tracer the bulk of the radioactivity is
still in the intestine (Fig.1 lower panel) and no further observation of the fate of the radioactive
metfomin was possible.

It is understandable that the study performed by Pentikédinen and collagues with 14C-labelled
metformin could only be repeated by the addition of ,cold” metformin tot he 11C-labelled
compound.This would most probably accelerate the intestinal passage as most of the conventional
drug- containing tablets also contain polyethylenglycol (3-6.000) as additive,which is also a laxative.

Although an active transport of metformin through the membrane of the hepatocyte has been
exstensevly discussed by Gromensen et al (70),it has to be mentioned that hepatic densitometry
pictures similar to those observed after intravenous and oral administration of C11-metformin can be
observed also after the injection of Cll-nicotine (71) or even of Cll-Donepezil,a high-affinity
antagonist of acetylcholinesterase normally used as drug in the treatment of patients with
Parkinson’s disease (72,73), it can not be ruled out that there is a diffusion into the space of Disse
through the fenestrae of the sinusoidal endothelial cells (74,75) and that the compound is then
whashed out from the interstitium back into the heptic vein.It may be therefore more approriate to
speak about hepatic metformin , extraction” ( 76) than about uptake.

The kidney to blood activity ratio was identical independently of the administration route of the
radioactive metformin . Some discrete uptake of the tracer was found in the salivary glands and
discrete uptake was found also in the intestine.No activity was found in the gallbladder.Significant
amounts of the tracer passed to the small intestine 10 minutes after ingestion.

Despite the increasing popularity, the mechanism of action of metformin (gluco-phage of Sterne)
has remained elusive until nowadays.

Especially after the report of Bonora et al. (77) and of Sum et al (78) on the lack of metabolic
changes after intravenous administration of metformin hydrochloride, attention concentrated mostly
on pharmacokinetic studies performed after oral administration of immediate- or retarded release-
metformin formulations and of different dosages at different time of the day.

Bonora and collegues (77) found no significant change in fasting plasma level of
glucose, insulin,C-peptide, glucagon and growth hormone after intravenous injection of 1g
metformin as bolus in 15 non-diabetic subjects (4 males and 11 females) after a 12-hours overnight
fast.Blood was drawn 15 minutes and up to 30 minutes after injection of metformin hydrochloride
dissolved in 10 ml distilled water.The finding ended the discussion about a possible direct effect of
metformin on insulin production in the pancreas.Sum et al.(78) performed double-blind
randomized crossover study in nine type 2 diabetic patients (6 female and 3 male,HbA1c 8,8 vs 8,6))
on oral metformin therapy (Glucophage,Lypha).

After a10 hour fasting period and having omitted the morning metformin dose,D-glucose,[3-
H3]-glucose and metformin/Nacl were injected intravenously.Metformin was continously infused to
achieve a serum concentration at lower therapeutic level and then (after the first 120 minutes)
increased to reach a high therapeutic range of 5-7 mg/L . Glucose was infused to reach and then
maintain a concentration of 5 mmol/L.Blood samples were collected at 10-minute intervals.Urine
samples were also collected. After the first increase of metformin serum level from 1.64 to 6.57 at the
end of the second step a continuous decrease of metformin level was measured under NaCl infusion.

The study was repeated between 10 and 20 days after the first study and no difference was
found between the two study days in fasting glucose-,and insulin-plasma-levels and in metformin
concentration.No difference between control and metformin studies in hepatic glucose
disposal,peripheral glucose disposal,glucose oxidation and blood lactate concentrations was
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found.These results demonstrated that there was no acute effect of increasing metformin serum
concentration in type 2 diabetics on hepatic glucose production or peripheral glucose disposal.

Pharmacokinetics and pharmakodynamics of metformin were then studied in NIDDM and
healthy subjects both in male and female taking single- or multiple-daily -dose (78).No statistically
significant difference was found between healthy subiects and NIDDM-patients in the
pharmacokinetic parameters after a single dose of 850 mg of metformin hydrochloride between the
11 males and the 7 females studied.

No single dose (850-2.550 mg) of metformin significantly decreased the postprandial glucose
serum concentration.When the single dose was augmented the clearance/bioavailability ratio
increased in both partecipant groups, mainly due to decrease of bioavailability than to increased
clearance which was lower when 1.700 or 2550 mg than 850 mg were administered in NIDDM and
was significantly lower in healthy persons.It was confirmed that bioavailability decreased with
increase of the administered dose.In fact it was previously reported that bioavailability decreased
from 86% to 42% when the dose was increased from 250 mg to 2.5 gm .As an explanation for this
phenomenon it was hypothesized that metformin permeability is limited as a non lipophilic
compound,this is confirmed by the 30-60% bioavailability in absence of hepatic extraction and by
the fact that bioavailability of metformin of intermediate release formulations is lower than that of
immediate release formulations.

In addition it was found that intake of food decreases the absorption of metformin by about
25%.While multiple doses of metformin decreased glucose fasting serum concentration and also
postprandial glucose level in diabetic partecipants, no effect on glucose serum level was detected in
healthy subjects.Ths is not due to different pharmacokinetics of metformin in each group and can
only be observed also in non diabetics if the serum glucose level has been artificially raised.

Furthermore, the glucose-lowering effect of metformin in NIDDM was correlated to the level of
severity of fasting hyperglycemia and significant reduction of preprandial insulin plasma level was
observable after multiple doses of metformin hydrochloride.Interestingly a statistically significant
decrease of postprandial (0-2 hours post meals) insulin concentrantions was observable in healthy
subjects after metformin administration (4-6 hours) both of different single doses (850-2550 mg) and
multiple doses.

It was justified to conclude that the preprandial glucose-lowering effect of metformin in
NIDDM-subjects and the early postprandial in healthy subjects is not dependent on stimulation of
insulin production.

Besides the previously hypothesized fact that a clear effect of metformin on lowering glucose
concentration can only be found when administered orally by reducing glucose absorption (79) in the
intestine ,additional effects like inhibition of hepatic glucose production, improved glucose uptake
and utilisation were mentioned toghether with weight reduction and reduction of plasma lipid levels
and prevention of some vascular complications (80).

Short- and Long-Term Side Effects and Adherence to Metformin Therapy

a)Short-term side effects of metformin therapy.

As described by Frank and colleagues (19) at the first use ,synthalin administration causes
nausea,loss of appetite,increased intestinal movements,gastric pain,vomiting and also diarrhea.For
this reason they developed a therapeutic procedure consisting of increasing the dosis for the first 3-4
days followed by an interruption of drug administration of 1-2 days.It is therefore understandable
that many diabetics,especially the older ones can not tolerate the medication,dizziness,tiredness
abdominal cramps, asthenia,myalgia and an altered metallic taste (81-84) as confirmed to be more
frequent in patients treated with metformin than in the placebo treated control diabetics.This has
been attributed in part to the intestinal disturbance of the bile salt metabolism by metformin (85-88)
which is eliminated to more than 30% of the oral dose with the stool.The increase of bile salt
elimination in the stool has been observed also in patients with chronic constipation treated with
elobixibat, a laxative approved in Japan for treatment of chronic constipation (89),probably similar to
what has been discussed recently for other antihyperglycemic drugs (90).
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Metformin can cause, besides the above mentioned side effects, also flatulence,abdominal
bloating,heartburn,headache,agitation,chills.

After the first reports of lactic acidosis (38,40),similar to the previously used guanidines (91-
94),at time of release by the Food and Drug Administration (FDA) such a life-threatening
complication has been published only sporadically and has been considered to happen significantly
more seldom compared to tolbutamide .It has been described

especially in diabetics with reduced kidney function (95-97) and in emergency conditions such
as severe COVID-19-infection (98-103) in hospitalized diabetics.

The above-mentioned intestinal effects and side effects of metformin not only can cause the
complete withdrawal from metformin intake but also the long-term more or less complete adherence
to the therapy (104-110).Furthermore,although the significant loss of body weight observed
especially at the beginning of metformin therapy (46), can be seen as an achievement as it is known
that overweight ,obese elderly diabetics do not tolerate diet restrictions.It should however be seen as
a possible acute consequence of the gastrointestinal side effect of the drug.In fact there could not
only be a negative effect of the metformin on food- but also on fluid-intake with consequent
dehydration , tissue hypoperfusion,hypoxia and tissue damage.The following kidney injury could
conditionate lactate overproduction and lead to acute lactic acidosis,the symptoms of which may be
similar to the side effects of metformin with the main  distinctive characteristic of
dehydration,namely tissue hypotension.

b)Long-term side effects of metformin therapy.

In their 10-year follow-up report, after the end of the UKPDS, Holman and coworkers (67)
describe that the metformin group-patients were followed 17.7 years with 8.8 years of post-trial
follow-up.Overall mortality was 44% (51.5% cardiovascular cause of death and 24.2 the cause of death
was cancer).Baseline differences in surrogate marker glycated hemoglobin disappeared after the first
year of intensive-therapy.Although there was no difference in levels of blood pressure and plasma
creatinine was not significantly different within the two groups,the plasma creatinine levels in the
metformin group were 15% higher then those in the conventional therapy group. As about 10% of
the patients were treated with diuretics because of hypertension,(110) both metformin and diuretics
can eventually increase dehydration,which also naturally develops with increasing age in elderly
persons.

Metformin treatment in type 2 diabetics is associated with early anemia development, which is
most probably duebut not solely, to Vitamin B12 absorption inhibition (111-116).Vitamin B12
absorption inhibition could also explain development of peripheral neuropathy in elderly diabetics
treated with metformin (117).

Anemia and iron deficiency under long-term metformin treatment (> 5 years) has been descibed
by Ahmed and collagues (118)

Mechanisms of Action of Metformin Therapy: Direct or Indirect?

The mechanism of action of metformin in lowering glucose serum level has been discussed, for
seven decades since its introduction as therapeutic option in overweight type 2 diabetics (3,119-123)
and is still under discussion as reported in the most recent publications (110).

In experiments performed in metformin treated fa/fa rats Penicaud et al.(124)demonstrated that
there was no glucose utilization in insulin-dependent organs and it was even decreased in skeletal
muscle.Authors found an increased glucose utilization in the stomach and small intestine of the
metformin-treated rats.The experiments made clear that metformin does not exert its hypoglycemic
action through an increased insulin secretion but it rather causes an increased glucose elimination
(124).Bailey also underlined glucose utilization in the intestine even in the fasted state using glucose
from the vascular compartment(87).

Besides the inhibitory effect of glucose absorbtion in the small intestine a reduction of the glucose
production in the liver is still under discussion.This is however difficult to understand as
intravenously injected metformin does not have any effect on glycemia (77,78).


https://doi.org/10.20944/preprints202307.1299.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 July 2023 doi:10.20944/preprints202307.1299.v1

A further indirect mechanism of the glucose -lowering effect of orally administered metformin
has been postulated,namely through the increase of the incretin GLP-1- production in the small
intestine mediated by bile salts (125).On the other hand if it has been demonstrated ex vivo in the
perfused rat ileum that carbohydrate luminal perfusion increases the release of glucagon-like
peptide-1 into the mesenteric vene (126) and a similar increase could be detected in the portal blood
of diabetic and non-diabetic cirrhotic patients after introduction of a study meal (69 gramms
carbohidrates) into the small intestine and no significant difference in the peripheral insulin serum
level was found (127) between diabetic and non-diabetic patients. As GLP-1 should reduce glycemia
by stimulating insulin production in the pancreas only in hyperglycema,increased insulin serum level
under metformin therapy should be the precondition for the indirect hypoglycemic effect .Insulin
serum concentration under metformin therapy however does not increase,either it remains
unchanged or it is decreased (46).The administration of GLP-1 RA exanatide in type 2 diabetics seems
on the contrary to use a mechanism similar to that of metformin by inducing a significant reduction
of body weight in a short-term treatment (128).

Kim and coworkers described accumulation of injected F18-FDG in the lumen of patients
suffering of non-inflammatory diarrhea or constipation and for the first time intravenously injected,
radioactive glucose in the stool(129).Gontier and collague studied localisation of F18-FDG injected in
diabetics type 2 and found a significant increase of the radioactively-labelled glucose in the wall, but
also in the lumen of the small bowel and of the colon in patients treated with metformin compared
to that of non-metformin treated diabetics,which was not different from that of non-diabetics
controls (130).Author stated that , the digestive tractis the only tissue responsible for a large glucose
utilisation enhancement”.

Morita and coworkers by using positron emission tomography (PET)-MRI, recently found that
the maximum standardized uptake value (SUVmax) of F18-FDG in the intestine (jejunum,ileum and
right or left hemicolon) of metformin treated diabetics was higher than that of the control group.More
importantly the study permitted to differentiate the SUVmax of the intestinal wall from that of the
intestinal lumen.The SUVmax of the intraluminal space in metformin-treated diabetics was greater
than that of controls (Figure 2).On the contrary the SUVmax of the intestinal wall was similar in both
groups (131).An increased accumulation of the injected tracer seems to be appreciable (Figure 3) also
in the liver of metformin-treated diabetics up to 48 hours after interruption of the oral uptake of the
drug (132,133).

Accumulation of F18-FDG in the large intestine (Figure 4) has been found also in persons who
regularly use laxatives (136-137).SUVmax can even reach levels,which simulate those of colorectal
neoplasms (Figure 5) in patients with chronic constipation (138).

It seems justified to conclude that metformin not only induces glucose , malabsorption” as
descried by Bechtold et al 1969 (111),it also may , attract” glucose from the intestinal vasculature into
the lumen of the small bowel which is then transported and concentrated in as stool of the large
intestine. Under the influence of intestinal metformin, the reduced glucose uptake from the intestine
into the portal blood could also be compensated by an increase of an insulin-mediated uptake (139-
141) of glucose from the systemic circulation into the liver, from there into the bile (142) and into the
small bowel. Through the effect of metformine radioactive glucose then reachs the large intestine
there achieving the concentration necessary to be captured by the dosimetry scan (whole-body PET-
scan).

The reduction of intestinal absorption of glucose (143) of other nutrients (144,145) and of some
drugs (146) by metformin resembles that of ,irritant laxatives” (147,148) which produce peristalsis
and not only reduce absorption of glucose and other food components (149-151) and but it also
induces loss of water .The latter may explain dehydration and increase of creatinine serum level as
described in metformin treated overweight type 2 diabetics. It may even worsen the latent
hypoperfusion of peripheral tissues, eventually explaining excess of production  of
lactate hyperferritinemia, increase of hepcidin serum level and hyposideremic anemia as an acute-
phase- response to tissue damage (152,153).


https://doi.org/10.20944/preprints202307.1299.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 July 2023 doi:10.20944/preprints202307.1299.v1

10

A 2-8 min 9-18 min 19-32 min 33-48 min 49-67 min 7
‘{‘:J . SG
! He

il
Gall bladder Small intestines I

L'V\. | |
[ TL £ -

Ureter

Figure 1. Scans of Cl1-metformin administered to humans intravenously and orally (lower and
lower panel respectively) taken at different time after administartion .Gormensen LC et al.(70,with
permission).
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Figure 2. PET-images taken 60 minutes after intravenuous administration of F18-FDG in a diabetic
patient treated with metformin (A) and in a control patient(B).In A radiactivity has accumulated in
the last portion of the ileum and in the colon (right hemicolon stronger than left hemicolon).The
indication for the study was gall bladder cancer as confirmed by the accumulation oft he tracer in the
gall bladder(arrow).From Morita Y et al.(131).

Figure 3. PET-scan performed in diabetics at different time after interruption of metformin therapy.In
patient 4 interruption time was shorter than 48 hours and shows strong accumulation of the tracer in
the colon. From Schreuder N et al.(133).

Figure 4. PET-pictures of early scans (upper row) and of late FDG-scans(lower raw) after oral
administration of laxatives. The arrows in the upper row of PET-scans shows the different patterns of
accumulation of the tracers in the large intestine.From Chen Y-K et al.(137, with permission).
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Figure 5. Accumulation of F18-FDG(after intravenous administration) in the coecum and ascending
colon (upper panel,long arrow) of a patient suffering from a mild diabetes (HbA1c=6.8%) and from
chronic constipation treated with anthraquinone laxatives as demonstrated by the presence of
melanosis coli at colonoscopy performed to exclude colon cancer (lower panel,short arrow).From
Katsumata R (138).
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Concluions

Metformin,the latest and most often prescribed biguanide to overweight mostly older type 2
diabetics does not seem to differ from the previous biguanides used as oral antidiabetics.The
mechanisms of serum glucose-lowering effect and the acute-and long-term consequences are similar
to those of conventional laxatives.Dehydration,pre-renal kidney injury and even acidosis are the most
serious and, for older multimorbide patients,life-threatning consequences of protracted metformin
therapy.
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