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Abstract. – Metformin is the most common-
ly prescribed drug for the treatment of type 2 di-
abetes mellitus. In addition to its ability to low-
er glucose levels, it has recently been reported 
to be potentially useful for the treatment of oth-
er conditions because of its anticancer activity, 
cardiovascular protective effect, neuroprotec-
tive effect, and efficacy in the treatment of poly-
cystic ovary syndrome. However, long-term use 
of metformin may lead to side-effects such as 
memory impairment. Here, we critically review 
the effect of metformin on memory impairment 
and the potential molecular mechanisms of 
memory dysfunction to provide a reference for 
researchers and a better understanding of the 
side-effects of metformin.
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Introduction

The biguanide metformin is the most com-
monly used oral hypoglycemic drug. It functions 
mainly by improving the sensitivity of insulin re-
ceptors to insulin, resulting in enhanced glucose 
uptake, and decreased hepatic glycogen synthe-
sis1,2. Recent studies3,4 have shown that metformin 
can cross the blood-brain barrier to improve ener-
gy metabolism and protect neurons from inflam-
mation. Magnetic resonance imaging has shown 
that neuroinflammation and brain metabolic stress 
can lead to cognitive dysfunction5,6. Thus, it is hy-
pothesized that metformin treatment will improve 
cognitive impairment.

Metformin has been shown to improve phos-
phatidylinositol 3-kinase (PI3K)/protein kinase B 
(AKT) signaling to induce translocation of glu-
cose transporter type 4 (GLUT-4) to the cell sur-
face and facilitate glucose influx7,8. Several lines 

of evidence have revealed that metformin can 
improve memory impairment under some disease 
conditions. For instance, it has been reported to 
improve memory impairment caused by Alzhei-
mer’s disease (AD), Parkinson’s disease (PD), 
diabetes, and chemo brain9-12. AD, PD, diabetes, 
and some chemotherapeutic agents such as doxo-
rubicin (DOX) have been shown to reduce AKT 
activity, which is important for GLUT-4 traffick-
ing8. Thus, it has been previously indicated that 
metformin administration could activate AMPK 
and thereby, increase AKT activation, leading to 
elevated GLUT4 trafficking to the cell surface, 
and a reduction in the hyperglycemic effect. By 
contrast, another study13 showed that memory 
function impairment caused by DOX was not im-
proved by metformin, which itself caused cogni-
tive impairment.

Therefore, in this review, the mechanism of 
metformin-induced cognitive impairment will be 
discussed. While some studies have shown that 
metformin has beneficial effects on cognitive dys-
function, others indicated that metformin failed to 
rescue memory dysfunction. Furthermore, met-
formin has also been reported to alter protein ex-
pression or activities and mitochondrial function, 
which may contribute to memory impairment and 
decrease synaptic plasticity; these studies are the 
focus of this review (Figure 1).

Metformin and Behavioral Assessment
Behavioral evaluation is a psychological tech-

nique used to observe, describe, and explain the 
behavior of humans and animals. This approach is 
employed to determine and quantify and different 
factors, such as emotions and individual variables, 
that influence behavioral changes. Most of the 
tasks used in behavioral tests evaluate long-term 
or short-term memory function, with each task 
focusing on a certain pathway in the brain. For 
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instance, the Y-maze and novel object recognition 
(NOR) tests are used to evaluate spatial memo-
ry function. These two tests involve hippocam-
pus-dependent tasks, in which information passes 
through the hippocampus during memory forma-
tion. The Y-maze test is dependent on the dorsal 
hippocampus, whereas the NOR test depends on 
the ventral part of the hippocampus. Therefore, 
these tests are suitable for the investigation of po-
tential mechanisms of memory impairment.

Metformin can improve memory impairment in 
AD, PD, diabetes mellitus, and chemotherapy-in-
duced memory impairment9-12. However, chronic 
administration of metformin itself can result in 
memory impairment13. Here, we review the nega-
tive effect of metformin on memory function. 

Metformin and Mitochondrial 
Dysfunction

Mitochondria are organelles found in most eu-
karyotic cells and play an important role in energy 
production, calcium regulation, cell metabolism, 
and synaptic transmission14. The energy produced 
by mitochondria is stored in the form of the small 
molecule adenosine triphosphate (ATP)15. Mito-
chondrial dysfunction is a known cause of cog-
nitive impairment16. Long-term use of metformin 
can induce mitochondrial dysfunction through the 
inhibition of mitochondrial oxygen consumption 

by suppressing complex I activity17, which could 
thus result in memory impairment. By contrast, 
metformin is reported to rescue mitochondrial 
dysfunction caused by diabetes and heart fail-
ure18. Based on these results, it is appeared that 
metformin has beneficial effect in mitochondrial 
function in case of some disease states that effect 
on the mitochondrial function; however, it causes 
mitochondrial dysfunction by its treatment for a 
long time.

Metformin and Protein Kinases

The Mammalian Target of Rapamycin 
(mTOR)

The mammalian target of rapamycin (mTOR) is 
a serine/threonine protein kinase that is involved 
in many physiological processes, including cell 
proliferation19. The mTOR protein kinase exists 
in two different complexes, mTOR complex 1 
(mTORC1) and mTOR complex 2 (mTORC2), 
each of which activates a different downstream 
signaling process. The mTOR complexes regu-
late numerous processes required for cell growth 
and metabolism, and function as signaling nodes 
that integrate cellular nutrient and stress status 
signals and induce appropriate cellular respons-
es. mTORC1 activation is associated with spatial 
learning and fear conditioning, as well as long-

Figure 1. Mechanisms of metformin-induced memory dysfunction.
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term potentiation, depression, and synaptic plas-
ticity20. AMPK activation phosphorylates TSC2 
and enhances TSC1/2 activity, thereby inhibiting 
mTORC121. Metformin enhances AMPK activity, 
leading to mTOR inhibition and ultimately con-
tributing to memory impairment22. In addition, 
mTOR regulates glutamate receptor subunit-1 
(GluR1) expression, which is necessary for trig-
gering memory formation23. Therefore, metformin 
could indirectly contribute to memory impairment 
through inhibition of the mTOR protein kinase.

Nuclear Factor Kappa B (NF-κB)
Nuclear factor kappa B (NF-κB) is a ubiqui-

tously expressed transcription factor that has been 
identified in several regions of the brain including 
the hippocampus, cortex, and amygdala, where it 
is found inside the nucleus and is transcription-
ally active24. NF-κB is activated by various stim-
uli, including cytokines, such as tumor necrosis 
factor alpha (TNF-α), growth factors, and bac-
teria or viruses, through the expression of stress 
response genes in many cells25, as well as gluta-
mate, amyloid beta peptide, oxidative stress, and 
membrane depolarization26,27. It is also involved 
in the degradation of IκB, thus permitting nuclear 
translocation of NF-κB for transcription of tar-
get genes. The role of NF-κB in the central ner-
vous system is not fully understood; however, it 
is well established that NF-κB plays an important 
role in regulating synaptic plasticity and memory 
formation29,30. In addition, NF-κB controls spatial 
memory formation and synaptic plasticity by reg-
ulating the expression of protein kinase A (PKA) 
and the cAMP response element-binding protein 
(CREB) pathway, which ultimately enhances syn-
aptogenesis30,31. NF-κB also plays an important 
role in regulating long-term potentiation (LTP) 
and long-term depression (LTD). NF-κB increas-
es during the induction of LTP, which is impaired 
by the inhibition of NF-κB31. LTD is not induced 
when NF-κB is inhibited, indicating the impor-
tance of NF-κB in regulating synaptic plasticity 
and memory formation31,32. Ultimately, the ability 
of metformin treatment to inhibit NF-κB activi-
ty indicates its potential role in the mechanism of 
metformin-induced memory impairment33,34.

Metformin and Thyroid Function
The thyroid hormones thyroxine (T4) and 

triiodothyronine (T3) are known to play vital roles 
in several biological functions, such as growth, 
development, and energy metabolism35. Thyroid 
hormones act on almost every cell in the body36, 

and abnormal levels are associated with diseases 
including hyperthyroidism, hypothyroidism, and 
cretinism.

Thyroid hormones are synthesized in the thy-
roid gland under the control of the hypothalam-
ic-pituitary-thyroid axis (Figure 2). This axis 
comprises the hypothalamus, which releases thy-
rotropin-releasing hormone (TRH). TRH then 
stimulates the anterior pituitary gland to release 
thyroid-stimulating hormone (TSH), which acts 
on thyrotropin receptors in the thyroid gland and 
regulates all the steps involved in thyroxine (T4) 
and triiodothyronine (T3) production. T3 and T4 
inhibit their own production by feedback inhibi-
tion of both TRH and TSH production38,39.

Once thyroid hormones are released into the 
bloodstream, they act through the thyroid hor-
mone receptor (TR), which is a member of the nu-
clear receptor superfamily40. TR occurs in two iso-
forms, α and β, which are differentially expressed 
in different tissues. The α1 receptor is expressed 
mainly in the heart and skeletal muscles, whereas 
the β1 form is expressed mainly in the liver, kid-
ney and brain42. Thyroid hormones regulate brain 
development, neurogenesis, synaptogenesis, and 
myelination43,44. Moreover, TRs are expressed at 
high levels in the hippocampus, the part of the 
brain responsible for memory formation44. There-
fore, changes in thyroid hormone levels may be 
responsible for the alteration of hippocampal 
functions leading to the disruption of learning and 
memory processes and cognitive impairment45. 

Figure 2. Representation of the hypothalamic-pituitary-thy-
roid axis with feedforward and feedback control loops.
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Hence, neuroimaging studies46,47 show that the 
structure and function of the hippocampus are al-
tered in hypothyroidism. Interestingly, metformin 
results in alteration of thyroid functions through 
the reduction in the levels of TSH48,49, which could 
ultimately affect the T3 and T4 levels. Therefore, 
alteration of thyroid hormone levels may be a po-
tential mechanism of memory impairment caused 
by metformin treatment.

Conclusions

The studies considered in this review indicate 
that metformin treatment has certain beneficial ef-
fects, such as enhancement of memory function 
in several disease conditions. However, it is also 
reported that memory is impaired by long-term 
metformin treatment. It can be hypothesized that 
memory impairment occurs through deregulation 
of mTOR, NF-κB, or thyroid hormones.

Conflict of Interest
The Authors declare that they have no conflict of interests.

References

 1) Satoh T. Molecular mechanisms for the regu-
lation of insulin-stimulated glucose uptake by 
small guanosine triphosphatases in skeletal 
muscle and adipocytes. Int J Mol Sci 2014; 15: 
18677-18692.

 2) Hundal RS, Krssak M, Dufour S, Laurent D, Leb-
on V, Chandramouli V, Inzucchi SE, Schumann 
WC, Petersen KF, Landau BR, Shulman GI. 
Mechanism by which metformin reduces glu-
cose production in type 2 diabetes. Diabetes 
2000; 49: 2063-2069.

 3) Huang, YC, Hsu CC, Lin WC, Yin TK, Huang 
CW, Wang PW, Chang HH, Chiu NT. Effects of 
metformin on the cerebral metabolic changes in 
type 2 diabetic patients. ScientificWorldJournal 
2014; 694326.

 4) Bai B, Chen H. Metformin: A novel weapon 
against inflammation. Front Pharmacol 2021; 
12: 622262.

 5) Zhao J, Bi W, Xiao S, Lan X, Cheng X, Zhang J, 
Lu D, Wei W, Wang Y, Li H, Fu Y, Zhu L. Neu-
roinflammation induced by lipopolysaccharide 
causes cognitive impairment in mice. Sci Rep 
2019; 9: 5790.

 6) Bevan-Jones WR, Surendranathan A, Pas-
samonti L, Vázquez Rodríguez P, Arnold R, Mak 
E, Su L, Coles JP, Fryer TD, Hong YT, Williams 
G, Aigbirhio F, Rowe JB, O’Brien JT. Neuroim-
aging of Inflammation in Memory and Related 
Other Disorders (NIMROD) study protocol: a 

deep phenotyping cohort study of the role of 
brain inflammation in dementia, depression and 
other neurological illnesses. BMJ Open 2017; 7: 
e013187.

 7) Xu H, Zhou Y, Liu Y, Ping J, Shou Q, Chen F, 
Ruo R. Metformin improves hepatic IRS2/PI3K/
Akt signaling in insulin-resistant rats of NASH 
and cirrhosis. J Endocrinol 2016; 229: 133-144.

 8) Beg M, Abdullah N, Thowfeik FS, Altorki NK, 
McGraw TE. Distinct Akt phosphorylation 
states are required for insulin regulated Glut4 
and Glut1-mediated glucose uptake. Elife 2017; 
6: e26896.

 9) Lu M, Chen H, Nie F, Wei X, Tao Z, Ma J. The 
potential role of metformin in the treatment of 
Parkinson’s disease. J Bio-X Res 2020; 3: 27-35.

10) Farr SA, Roesler E, Niehoff ML, Roby DA, McK-
ee A, Morley JE. Metformin Improves Learning 
and Memory in the SAMP8 Mouse Model of Alz-
heimer’s Disease. J Alzheimers Dis 2019; 68: 
1699-1710.

11) Campbell JM, Stephenson MD, de Courten B, 
Chapman I, Bellman SM, Aromataris E. Met-
formin Use Associated with Reduced Risk of 
Dementia in Patients with Diabetes: A System-
atic Review and Meta-Analysis. J Alzheimers 
Dis 2018; 65: 1225-1236.

12) Alhowail AH, Chigurupati S, Sajid S, Mani V. 
Ameliorative effect of metformin on cyclophos-
phamide-induced memory impairment in mice. 
Eur Rev Med Pharmacol Sci 2019; 23: 9660-
9666.

13) Alharbi I, Alharbi H, Almogbel Y, Alalwan A, Alhowail 
A. Effect of Metformin on Doxorubicin-Induced 
Memory Dysfunction. Brain Sci 2020; 10: 152.

14) Knott AB, Bossy–Wetzel E. Impairing the mi-
tochondrial fission and fusion balance: a new 
mechanism of neurodegeneration. Ann N Y 
Acad Sci 2008; 1147: 283-292.

15) Zhang F, Pracheil T, Thornton J, Liu Z. Adenos-
ine Triphosphate (ATP) Is a Candidate Signaling 
Molecule in the Mitochondria-to-Nucleus Retro-
grade Response Pathway. Genes (Basel) 2013; 
4: 86-100. 

16) Khacho M, Clark A, Svoboda DS, MacLaurin JG, 
Lagace DC, Park DS, Slack RS. Mitochondrial 
dysfunction underlies cognitive defects as a result 
of neural stem cell depletion and impaired neuro-
genesis. Hum Mol Genet 2017; 26: 3327-3341.

17) Yang M, Darwish T, Larraufie P, Rimmington D, 
Cimino I, Goldspink DA, Jenkins B, Koulman A, 
Brighton CA, Ma M, Lam BYH, Coll AP, O’Rahilly 
S, Reimann F, Gribble FM. Inhibition of mitochon-
drial function by metformin increases glucose up-
take, glycolysis and GDF-15 release from intesti-
nal cells. Sci Rep 2021; 11: 2529.

18) Schilling JD. The mitochondria in diabetic heart 
failure: from pathogenesis to therapeutic promise. 
Antioxid Redox Signal 2015; 22: 1515-526. 

19) Saxton RA, Sabatini DM. mTOR signaling in 
growth, metabolism, and disease. Cell 2017; 168: 
960-976.

20) Takei N, Nawa H. mTOR signaling and its roles 
in normal and abnormal brain development. Front 
Mol Neurosci 2014; 7: 28. 



Potential mechanisms of metformin-induced memory impairment

4761

21) Inoki K, Zhu T, Guan KL. TSC2 mediates cellular 
energy response to control cell growth and surviv-
al. Cell 2003; 115: 577-590.

22) Radiske A, Gonzalez MC, Nôga DA, Rossato JI, 
Bevilaqua LRM, Cammarota M. mTOR inhibition 
impairs extinction memory reconsolidation. Learn 
Mem 2020; 28: 1-6. 

23) Slipczuk L, Bekinschtein P, Katche C, Cammarota 
M, Izquierdo I, Medina JH. BDNF activates mTOR 
to regulate GluR1 expression required for memo-
ry formation. PLoS One 2009; 4: e6007.

24) Kaltschmidt B, Kaltschmidt C. NF-kappaB in the 
nervous system. Cold Spring Harb Perspect Biol 
2009; 1: a001271. 

25) Hayden MS, Ghosh S. NF-κB, the first quar-
ter-century: remarkable progress and outstanding 
questions. Genes Dev 2012; 26: 203-234. 

26) Fan W, Cooper NG. Glutamate-induced NFkap-
paB activation in the retina. Invest Ophthalmol Vis 
Sci 2009; 50: 917-925. 

27) Kaltschmidt B, Widera D, Kaltschmidt C. Signal-
ing via NF-kappaB in the nervous system. Bio-
chim Biophys Acta 2005; 1745: 287-299.

28) Gutierrez H, Davies AM. Regulation of neural pro-
cess growth, elaboration and structural plasticity 
by NF-κB. Trends Neurosci 2011; 34: 316-325. 

29) Engelmann C, Haenold R. Transcriptional control 
of synaptic plasticity by transcription factor NF-
κB. Neural Plast 2016; 2016: 7027949. 

30) Kaltschmidt B, Ndiaye D, Korte M, Pothion S, Ar-
bibe L, Prüllage M, Pfeiffer J, Lindecke A, Staiger 
V, Israël A, Kaltschmidt C, Mémet S. NF-kappaB 
regulates spatial memory formation and synaptic 
plasticity through protein kinase A/CREB signal-
ing. Mol Cell Biol 2006; 26: 2936-2946. 

31) de la Fuente V, Federman N, Zalcman G, Salles A, 
Freudenthal R, Romano A. NF-κB transcription fac-
tor role in consolidation and reconsolidation of per-
sistent memories. Front Mol Neurosci 2015; 8: 50.

32) Albensi BC, Mattson MP. Evidence for the involve-
ment of TNF and NF-kappaB in hippocampal syn-
aptic plasticity. Synapse 2000; 35: 151-159. 

33) Gu J, Ye S, Wang S, Sun W, Hu Y. Metformin in-
hibits nuclear factor-κB activation and inflammato-
ry cytokines expression induced by high glucose 
via adenosine monophosphate-activated protein 
kinase activation in rat glomerular mesangial cells 
in vitro. Chin Med J (Engl) 2014; 127: 1755-1760.

34) Li SN, Wang X, Zeng QT, Feng YB, Cheng X, Mao 
XB, Wang TH, Deng HP. Metformin inhibits nucle-
ar factor kappaB activation and decreases serum 
high-sensitivity C-reactive protein level in exper-
imental atherogenesis of rabbits. Heart Vessels 
2009; 24: 446-453. 

35) Mullur R, Liu YY, Brent GA. Thyroid hormone regula-
tion of metabolism. Physiol Rev 2014; 94: 355-382.

36) Brent GA. Mechanisms of thyroid hormone ac-
tion. J Clin Invest 2012; 122: 3035-3043. 

37) Yen PM. Physiological and molecular basis of thy-
roid hormone action. Physiol Rev 2001; 81: 1097-
1142.

38) Fekete C, Lechan RM. Central regulation of hypo-
thalamic-pituitary-thyroid axis under physiological 
and pathophysiological conditions. Endocr Rev 
2014; 35: 159-194. 

39) Mariotti S, Beck-Peccoz P. Physiology of the Hy-
pothalamic-Pituitary-Thyroid Axis. 2021 Apr 20. 
In: Feingold KR, Anawalt B, Boyce A, Chrousos 
G, de Herder WW, Dhatariya K, Dungan K, Gross-
man A, Hershman JM, Hofland J, Kalra S, Kaltsas 
G, Koch C, Kopp P, Korbonits M, Kovacs CS, Kuo-
hung W, Laferrère B, McGee EA, McLachlan R, 
Morley JE, New M, Purnell J, Sahay R, Singer F, 
Stratakis CA, Trence DL, Wilson DP, editors. En-
dotext [Internet]. South Dartmouth (MA): MDText.
com, Inc.; 2000–. PMID: 25905193.

40) Cheng SY. Multiple mechanisms for regulation of 
the transcriptional activity of thyroid hormone re-
ceptors. Rev Endocr Metab Disord 2000; 1: 9-18. 

41) Bradley DJ, Towle HC, Young WS 3rd. Spatial 
and temporal expression of alpha- and beta-thy-
roid hormone receptor mRNAs, including the beta 
2-subtype, in the developing mammalian nervous 
system. J Neurosci 1992; 12: 2288-2302. 

42) Williams GR. Cloning and characterization of two 
novel thyroid hormone receptor beta isoforms. 
Mol Cell Biol 2000; 20: 8329-87342.

43) Diez D, Grijota-Martinez C, Agretti P, De Marco 
G, Tonacchera M, Pinchera A, de Escobar GM, 
Bernal J, Morte B. Thyroid hormone action in the 
adult brain: gene expression profiling of the ef-
fects of single and multiple doses of triiodo-L-thy-
ronine in the rat striatum. Endocrinology 2008; 
149: 3989-4000. 

44) Desouza LA, Ladiwala U, Daniel SM, Agashe S, 
Vaidya RA, Vaidya VA. Thyroid hormone regu-
lates hippocampal neurogenesis in the adult rat 
brain. Mol Cell Neurosci 2005; 29: 414-426. 

45) Ge JF, Peng L, Hu CM, Wu TN. Impaired learn-
ing and memory performance in a subclinical hy-
pothyroidism rat model induced by hemi-thyroid 
electrocauterisation. J Neuroendocrinol 2012; 24: 
953-961.

46) Cooke GE, Mullally S, Correia N, O’Mara SM, Gib-
ney J. Hippocampal volume is decreased in adults 
with hypothyroidism. Thyroid 2014; 24: 433-440. 

47) Singh S, Rana P, Kumar P, Shankar LR, Khushu 
S. Hippocampal Neurometabolite Changes in 
Hypothyroidism: An In Vivo (1) H Magnetic Reso-
nance Spectroscopy Study Before and After Thy-
roxine Treatment. J Neuroendocrinol 2016; 28.

48) Meng X, Xu S, Chen G, Derwahl M, Liu C. Met-
formin and thyroid disease. J Endocrinol 2017; 
233: R43-R51. 

49) Pappa T, Alevizaki M. Metformin and thyroid: an 
update. Eur Thyroid J 2013; 2: 22-28.


