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Research field

A century after its chemical invention, the research interest in metformin is still growing. 
Because metformin influences multiple fundamental biological pathways, new areas of 
application are explored outside the scope of diabetes treatment. 

The number of metformin-related publications in Pubmed has increased to more than 
3000 yearly (fig 1). The development in the research field is illustrated in two consecutive 
word clouds from metformin-related Pubmed indexed publications from 1998-2002 
and 2018-2022 (fig 2 and 3). One of the prominent changes is the occurrence of cancer 
research. Also, there are more mechanistic studies regarding molecular pathways.

Figure 1. Number of metformin publications (source Pubmed)
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Figure 2. Wordcloud based on 1998-2002 Pubmed keywords in metformin publications

Figure 3. Wordcloud based on 2018-2022 Pubmed keywords in metformin publications
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The HOME study

The HOME study was designed in the late ’90s, the study protocol was written in 1997 
and the trial lasted from 1997 to 2002.  Trial registration became mandatory in 2005 and 
the HOME study was added to the clinicaltrials.gov registry in 2006. The first publication 
of short-term results was in 2002 and the first publication of the long-term results was in 
2009(1,2).

The goal of the trial was to study the insulin sparing effect of metformin in insulin-
treated type 2 diabetes patients. Increasing needs for exogenous insulin were regarded 
as potentially harmful and an alternative treatment strategy of combining metformin 
with insulin was potentially beneficial. Beneficial effects in the metformin group could 
therefore be both related to direct effects of metformin to indirect effects consisting of 
a reduction in exogenous insulin dose and an improvement in body weight.

The primary endpoint was a composite outcome score of micro and macrovascular 
morbidity and mortality. The secondary endpoints were the separate micro and 
macrovascular outcome scores and metabolic endpoints including weight and insulin 
requirements. 

Since 2008 the United States Food and Drug Administration (FDA) followed by the 
European Medicines Agency (EMA) provided guidance on reporting cardiovascular 
outcome scores by advising a 3-point endpoint of major adverse cardiovascular events 
(MACE). The HOME trial was conducted before this consensus was reached and used a 
13-point macrovascular endpoint. 

The macrovascular endpoint score that was used in the HOME study, did, however, meet 
the main FDA requirements: minimum duration of 2 years, patient selection including 
high-risk population, inclusion of cardiovascular death, myocardial infarction, and stroke, 
and a blinded adjudication of events(3).

Despite randomization, patients in the metformin group were slightly older and had a 
more extensive cardiovascular history. In the statistical analysis, the crude results were 
adjusted for some of these baseline differences by using them as covariates. Current 
standards of providing a prespecified statistical analysis were not customary at the time. 
However, only covariates that were regarded as clinically important and prognostically 
related to the studied outcome were used.

Currently the HOME study is the largest long-term placebo-controlled study of 
metformin in type 2 diabetes. Although more recent cardiovascular outcome trials are 
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larger and have more robust outcome data, this concerns active comparator studies 
without a placebo group. 

The HOME study was designed without the use of other antihyperglycemic agents (but 
metformin versus placebo on top of insulin), with a well-defined treatment strategy for 
co-medication in hypertension, dyslipidemia, and nephropathy and a robust mean daily 
dose of metformin of 2000 mg in the intervention group.  Therefore, the HOME study is 
a unique RCT with a valuable data collection to study the effects of metformin versus 
placebo in patients with advanced type 2 diabetes treated with insulin.

The present dissertation is the fourth thesis based on the results of the HOME study. 
The first thesis from Michiel Wulffelé in 2004 focused on short-term effects regarding 
glucose regulation and insulin requirements. The second thesis from Jolien de Jager in 
2010 described long-term effects including micro and macrovascular endpoints. The 
third thesis from Mattijs Out in 2018 described pharmacogenetic and metabolic effects.

Mechanistic effects
Glucose regulation
The first observation of the HOME study was an unexpected improvement in glycemic 
control in the metformin group, despite the goal of similar glycemic control. The authors 
state that “in type 2 diabetic patients treated with insulin, metformin may affect glucose 
metabolism in a way not easily achieved with exogenous insulin” (1). 

One of the explanations may be the prevention of hypoglycemia by metformin. The major 
clinical obstacle in reaching tight glycemic control is the occurrence of hypoglycemia. In 
contrast with insulin, metformin does not result in hypoglycemia. As stated in chapter 
1, metformin is an antihyperglycemic agent instead of a hypoglycemic agent. The lower 
exogenous insulin requirements in the metformin group and the working mechanism of 
metformin (including activation of GLP-1 hormone) results in a treatment strategy with a 
low occurrence of hypoglycemia.

As the inhibition of hepatic gluconeogenesis was regarded the main glucoregulatory 
pathway by which metformin achieved its effect, later research showed an important 
additional pathway: the (gastro) intestinal effects of metformin.

This concerns an insulin-independent route of glucose transport in which glucose is 
absorbed from the circulation in the enterocytes and metabolized by way of glycolysis(4). 
Instead of an expected decrease in hepatic glucose production, it was shown that in 
patients with recent-onset diabetes there is even a counter-regulatory mechanism of 
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increased endogenous glucose production to prevent hypoglycemia similar to what is 
described with SGLT-2 inhibitors(5). 

Although metformin does decrease the need for exogenous insulin, this can not be 
simply equated with improved insulin sensitivity. Insulin resistance is defined as a 
diminished biological response to insulin, classically referring to an impaired sensitivity 
to insulin-mediated glucose transport(6). For metformin to classify as an insulin-
sensitizing agent, it would have to improve insulin-mediated glucose transport. 

This means that metformin can be regarded as an insulin sensitizer for its part in the 
hepatic inhibition of gluconeogenesis.  But even this hepatic effect does on a molecular 
level not equate with an improved biological action of insulin but consists of a direct 
effect of metformin(7). Therefore metformin is strictly speaking  - on a molecular basis- 
no insulin sensitizer but does decrease hepatic glucose production and therefore 
indirectly improves fasting estimates of hepatic insulin sensitivity.

The relative proportion of the hepatic and the gastrointestinal pathway in the glucose-
lowering effect of metformin is depending on the diabetes duration. In normal glucose 
tolerant and recent-onset type 2 diabetic individuals, the gastrointestinal effects 
dominate(5). In patients with advanced diabetes duration, the hepatic effects become 
more important.

The glucose-lowering effect of metformin, resulting in a diminished exogenous insulin 
need, might as well be considered an improvement of beta cell function. An analysis of 
fasting C-peptide levels as a surrogate for endogenous insulin production showed that 
these remained stable in the metformin-treated patients despite an improvement in 
insulin sensitivity (chapter 2). 

Because the relationship between beta cell function and insulin sensitivity is best 
described by a hyperbola, an improvement in insulin sensitivity is expected to result in 
a decrease in beta cell function. This mutual relationship is expressed in the disposition 
index which reflects the adjusted beta cell function. This disposition index improved in 
the metformin group. Therefore, metformin both improves fasting estimates of beta cell 
function as well as insulin sensitivity (chapter 2).

Intestinal absorption
The intestinal accumulation of metformin not only influences glucose absorption but 
also extends to other (micro)nutrients and bile salts. The most frequent side effects 
of metformin are gastrointestinal complaints. Part of these effects is mediated by gut 
hormones who are regulating the gut-brain axis. The frequent complaint of diarrhea in 
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metformin use, however, may be related to bile acid malabsorption resulting in bile acid 
diarrhea.

As the bile acid pool is limited to 2-3 grams and bile acid secretion during a meal 
is typically 4-6 grams, this illustrates that bile acids are highly dependent on 
recirculation(8). This enterohepatic cycling is achieved by re-absorption in the terminal 
ileum. This concerns a secondary active sodium-linked transport mechanism. Metformin 
reduces the transfer of bile salts in the enterocytes independently of the sodium gradient 
possibly by modulating bile acid-binding proteins(9–11).

Another example of metformin-induced malabsorption is vitamin B12 malabsorption. 
This is also located in the terminal ileum. Absorption of the vitamin B12-intrinsic factor 
complex is calcium-dependent. The probable mechanism by which metformin interferes 
with this absorption is displacing calcium ions from the enterocyte membrane(12). 
This theory was supported by the finding that oral calcium suppletion, improved the 
absorption of vitamin B12 in metformin users(13).

In chapter 3 we evaluated the effect of metformin on the absorption of vitamin D, a fat-
soluble vitamin. The absorption of vitamin D is dependent on the presence of enough 
bile salt. At high concentrations, the absorption is probably by passive diffusion but at 
regular dietary concentrations, a protein-mediated transport is needed in the jejunum. 

Because metformin has a very high concentration in jejunal enterocytes(14), it may 
affect the absorption and the transfer of vitamin D in the enterocyte. In addition, there 
may be a reduction in the bile acid pool during the day because of reduced bile acid 
reabsorption. This could lead to fat malabsorption including malabsorption of fat-
soluble vitamin D. However, we found no difference in 25-OH vitamin D serum levels 
between metformin and placebo-treated patients (chapter 3).

Cardiovascular effects

Since the 1998 UKPDS study, it became clear that metformin might have cardiovascular 
protective properties in addition to (and at least partly independent of) its 
antihyperglycemic properties. Pending further confirmation from other trials, metformin 
was recommended as first-line therapy in type 2 diabetes guidelines.

Although the UKPDS data showed a preserved cardiovascular protective effect even 
after 10 years(15), major new trials were lacking. Recent cardiovascular outcome trials 
were performed on top of metformin and made a direct comparison with metformin 
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difficult. The available evidence was analyzed in meta-analyses which mostly concluded 
a neutral effect of metformin(16). However, the paucity of adequate randomized trials 
limits the robustness of these meta-analyses. 

In addition to the modest evidence from randomized trials, there is an overwhelming 
observational evidence base. A recent meta-analysis of cohort studies included over 
a million patients and showed a strong protective cardiovascular effect with a risk 
reduction of ~40%(17).

Cardiovascular protective effects can be distinguished into more cardioprotective and 
more vasculoprotective effects. In the HOME trial, the cardiovascular effect of metformin 
was evaluated with a macrovascular aggregate score including both cardiac and vascular 
events. The number needed to treat to prevent a macrovascular endpoint was 16.  

In the unadjusted event rates, the endpoint of cardiovascular deaths was increased in 
the metformin group. However other cardiac endpoints including heart failure, ischemic 
ECG changes, acute coronary syndrome, and cardiovascular interventions were increased 
in the placebo group.

To further evaluate the specific cardiac effects of metformin, we studied the effect of 
metformin on two cardiac biomarkers, BNP and troponin. For both biomarkers, baseline 
concentrations in the HOME trial were increased compared to the general population. 
This illustrates the (expected) increased cardiovascular risk of the HOME population. 

We did not find a treatment effect of metformin for BNP levels (chapter 4). Apparently 
cardioprotective effects of metformin are not reflected in changes in BNP. However, 
this does not disprove the cardioprotective effects of metformin. Not every cardiac risk 
reduction is reflected by changes in BNP as was shown in the PONTIAC trial and in recent 
studies with SGLT-2 inhibitors(18,19). 

Regarding troponin, we did not find an immediate treatment effect and only a small 
decrease of 1.5%/year over time of troponin-T in the metformin-treated patients (chapter 
5). Although small and probably not clinically relevant, the findings are comparable 
to the 6% decrease after 6 years that was seen in the CANVAS  trial with an SGLT-2 
inhibitor(20).

Regarding the vasculoprotective effects of metformin, it was already shown that 
metformin improved markers of endothelial function(21). In addition, part of the 
endothelial function was evaluated by measuring nitric oxide metabolites (arginine 
and dimethylarginines). The studied metabolites did not show a beneficial effect of 
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metformin on this circumscript part of the nitric oxide pathway (chapter 6). Potential 
effects of metformin on other parts of the nitric oxide pathway can not be excluded by 
these findings.

Central working mechanism

As stated in chapter 7, metformin has multiple working mechanisms instead of a single 
universal mechanism. It is therefore a truly pleiotropic medicine. However, there is a 
central working mechanism relating to mitochondrial function and the respiratory 
chain(22).

Metformin is a weak inhibitor of the mitochondrial respiratory chain. Classically 
this is related to the inhibition of complex I of the respiratory chain. This inhibition is 
concentration-dependent and high concentrations are needed to result in effective 
inhibition. Recently also inhibiting effects on complex IV were described for which much 
lower concentrations were needed(23). 

Strong inhibition of the respiratory chain undermines the ATP-producing capacity of 
the mitochondrion and results in an energy deficit. Especially organs that are highly 
dependent on ATP like a muscle (including cardiac muscle), liver, and brain are vulnerable 
to mitochondrial dysfunction(24). 

The partial inhibition of the respiratory chain, explains the most serious side effect of 
biguanides: lactic acidosis. In lactic acidosis, the clearance of lactate falls short in relation 
to lactate production. Biguanides both stimulate lactate production (by promoting 
glycolysis) and decrease lactate clearance (by decreasing gluconeogenesis)(25). 

Mild inhibition, however, does not automatically result in serious side effects. Instead, 
the cell is triggered into an adaptive mode comparable to the power-saving mode on a 
mobile phone. This adaptive mode results in the conservation of energy by discontinuing 
anabolic processes. One of those processes is gluconeogenesis in hepatocytes which is 
inhibited by metformin.

Also, this adaptive mode improves cellular processes that protect the cell against damage. 
This concerns an enhancement of anti-oxidant enzymes and improved autophagy. The 
anti-oxidant enzymes protect against free radicals that are implied in many age-related 
diseases. Also, autophagic processes help to process dysfunctional organelles, proteins, 
and intracellular microbes. 



583552-L-bw-Top583552-L-bw-Top583552-L-bw-Top583552-L-bw-Top
Processed on: 3-10-2022Processed on: 3-10-2022Processed on: 3-10-2022Processed on: 3-10-2022 PDF page: 148PDF page: 148PDF page: 148PDF page: 148

148

In order to achieve these bioenergetic and metabolic cellular effects, metformin 
activates multiple signaling pathways among which AMP-activated protein kinase 
(AMPK) and Sirtuin enzymes (SIRT1) which in turn activate other cascades among which 
Forkhead box (FOX) transcription factors and the protein kinase mTOR. 

The concept that a mild noxious stimulus induces a protective response is called 
hormesis. A good example is the classic poison arsenic which was shown in animal 
research to extend lifespan and metabolic health if given in a low dose(26). Metformin 
can be regarded as a mild metabolic poison that leads to reversible cellular energy 
depletion. The protective response is able to explain the multitude of beneficial effects 
of metformin on age-related diseases and metabolism.

Applied to the research in this thesis, this holds true for hepatocytes regarding 
their gluconeogenetic flux, pancreatic beta cells regarding their insulin production, 
enterocytes regarding the intestinal uptake of glucose, vitamins, and proteins, and for 
cardiomyocytes and endothelial cells in regard to cardiovascular function.

Summary 

In the first part of this thesis (chapter 2-3), two studies are presented regarding the 
mechanistic effects of metformin. The second part of this thesis (chapter 4-6)  consists 
of three studies with cardiovascular biomarkers.  Chapter 7 consists of a narrative review 
of the potential benefits of metformin on cardiovascular disease, cognition, and cancer 
contributing to the current positioning of metformin.

Chapter 2 describes the effect of metformin versus placebo on fasting estimates of beta 
cell function. The primary endpoint was the ratio of the fasting C-peptide to the fasting 
plasma glucose. Fasting C peptide levels were pre-specified outcome measures of the 
HOME trial. Because C-peptide secretion is strongly influenced by concurrent glucose 
levels, C-peptide was adjusted for these glucose levels. The secondary endpoints were 
the unadjusted C peptide levels and the disposition index, in which the beta cell function 
was adjusted for the concurrent insulin sensitivity.

Both the primary endpoint and the disposition index were directly improved in the 
metformin-treated patients with a ~30% increase. These effects were maintained during 
the 4.3-year follow-up period. Unadjusted fasting C peptide levels remained stable. The 
combined improvement of hepatic insulin sensitivity and beta cell function contributes 
to a durable glycemic result of metformin therapy.
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In chapter 3 the absorption of vitamin D was evaluated in metformin versus placebo-
treated patients. Blood samples of 25(OH)D were analyzed at baseline, 4 months, and 
16 months. There was no difference between metformin and placebo-treated patients. 
In contrast to the malabsorption of vitamin B12 in metformin users, the absorption of 
vitamin D is not influenced by metformin therapy.

Chapter 4 describes the effect of metformin on the cardiac hormone brain natriuretic 
peptide (BNP). The inactive N-terminal part of the prohormone (NT-proBNP) was 
analyzed at baseline and during all follow-up visits. The hypothesis was that metformin 
could ameliorate diastolic heart failure or silent cardiac ischemia possibly resulting in 
lower NT-proBNP levels. Metformin did however not affect NT-proBNP levels during the 
4.3-year follow-up. 

Chapter 5 describes the effect of metformin on high-sensitive troponine I and T. These 
biomarkers reflect subclinical myocardial injury and are associated with increased 
cardiovascular risk and mortality. Our hypothesis was that metformin might reduce 
circulating troponin levels. 

Troponin-I levels remained stable during the trial. Troponin-T levels showed a progressive 
increase during the trial both in placebo and metformin-treated patients. We found no 
direct effect of metformin treatment on troponin levels and a small decrease of 1.5% per 
year for high-sensitive troponine T. 

Chapter 6 describes the effect of metformin on three related biomarkers reflecting nitric 
oxide metabolism. This concerns arginine, the metabolic precursor of nitric oxide, and 
two arginine analogs: symmetric (SDMA)  and asymmetric dimethylarginine (ADMA). 
ADMA is the major endogenous inhibitor of nitric oxide synthesis and increased ADMA 
and SDMA levels are associated with cardiovascular disease and endothelial dysfunction.

Our hypothesis was that metformin could reduce ADMA or SDMA levels or increase 
global arginine availability with an increase in the arginine/ADMA ratio. Our results show 
that metformin did not alter ADMA or SDMA levels, but decreased arginine levels and its 
corresponding ratio with ADMA. 

The clinical significance of reduced extracellular arginine levels remains to be debated. 
Required intracellular arginine concentrations for nitric oxide production are much 
lower than extracellular levels. Depending on the mechanism involved, the decrease in 
plasma arginine could be harmful or beneficial.  A probable mechanism is an enteral 
dysfunction with impaired synthesis of citrate, the precursor of arginine.
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In chapter 7 a narrative review is given about the current positioning of metformin 
both in the treatment of type 2 diabetes and beyond diabetes treatment regarding the 
prevention and treatment of cancer and its use in neurodegenerative diseases. Starting 
from strong observational evidence, there is a growing evidence base of randomized 
trials. Instead of being replaced by new drug classes, metformin deserves its position as 
a first-line medication combined with new drug classes.

Future perspectives
Combination therapy
The holy grail of diabetes treatment is to find a drug that is able to both durably stabilize 
or improve the beta cell to prevent glycemic deterioration, and at the same time reduce 
diabetes-related cardiovascular disease and promote healthy aging.

Although a lot of new diabetes drugs have been developed since the discovery of 
metformin, the goal of glycemic stability is still hard to achieve. The most recent long-
term active comparator trial in type 2 diabetes, the GRADE trial, is not yet published at 
the time of writing of this thesis, but the results have been shared at the 81st Scientific 
Sessions of the American Diabetes Association.  The time to reach the baseline HbAic 
level of 7.5% varied in the four treatment arms from 2.8 – 3.3 years. 

Although this was on top of metformin treatment, it is certainly not an improvement 
compared to the glycemic durability of metformin as monotherapy. The time to reach 
baseline HbAic was estimated from the ADOPT trial as 5 years which is similar to the 
findings in our HOME trial(27).

More durable results may be achieved by combination therapy at the start instead of 
sequential addition of new drugs as needed. This was shown for the combination 
of metformin and a DPP4 inhibitor in the 2019 Verify trial (25% risk reduction for the 
need for insulin) and in the 2021 EDICT trial regarding triple therapy with metformin, 
pioglitazone, and exenatide(28,29). Therefore, combination therapy from the start 
with metformin as a baseline can result in more durable glycemic results than stepwise 
sequential therapy.

The same principle (beneficial effect of initial combination therapy vs stepwise titration) 
may apply to the reduction of cardiovascular risks. Although new guidelines stress 
the importance of SGLT-2 inhibitors and GLP-1 agonists in patients with increased 
cardiovascular risk, most of these cardiovascular outcome trials have been performed on 
top of metformin. Therefore, early initiation of these drugs is justified, but the exchange 
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of metformin with these new drugs is not evidence-based. The extra value of new drugs 
is mostly shown together with metformin as opposed to instead of metformin.

Regarding a comparison of the individual effects of metformin or SGLT-2 inhibitors as 
first line treatment, two trials are planned. The Australian START trial will focus on a 
potential difference in renal function decline between the two drugs(30). The Swedish 
SMARTEST trial takes a broader perspective with a composite score of mortality, macro- 
and microvascular events(31).   

Notwithstanding individual differences, combining metformin and an SGLT-2 inhibitor 
or GLP-1 agonist is not only more fitting with the evidence from current trials but 
biologically plausible and safe. Metformin can be combined with all current diabetes 
agents. Combination therapy of SGLT-2 inhibitors and metformin leads to glycaemic 
and weight benefits compared with either agent alone as shown in a recent meta-
analysis(32). Considering the actual evidence, we do proclaim the potential extra value 
of such a combination, rather than trying to answer the question “Which one of the two 
is better?”

Expanding indications
As reviewed in chapter 7 and visualized in the word cloud, the use of metformin has 
broadened to indications beyond the diabetes field. An important area of interest is 
the prevention and treatment of various forms of cancer. Metformin is also increasingly 
evaluated in age-related cognitive diseases like cognitive impairment and dementia.

The biological actions of metformin are not restricted to patients with type 2 diabetes 
but extend to the non-diabetic population. Even in healthy individuals, metformin is 
researched for a possibly beneficial effect on age-related diseases. The Targeting Aging 
with Metformin (TAME) trial will start shortly and include 3000 individuals between 
the age of 65-79 to study the effect of metformin in delaying the development or 
progression of age-related chronic diseases(33). 

If metformin would show to be effective in the field of healthy aging, another paradigm 
shift would be realized. From the use as an antimalarial agent in the 1940s to the use as 
an anti-diabetic agent in the 1950s to a cardiovascular protective agent in the 1990s and 
a potential anti-cancer agent in the 2000’s we now enter a new era with the potential 
use of metformin in healthy individuals.
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