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Major depressive disorder (MDD) remains one of the most frequently diagnosed
mental health disorders and a leading cause of disability worldwide. The discovery
of new treatments for MDD is necessary given up to 30% of individuals with MDD
are resistant to current antidepressant treatments. The significant physiological
interplay between MDD and metabolic conditions is crucial to consider for future
therapeutics given the current obesity epidemic and the increased prevalence of
treatment-resistant depression in individuals with metabolic dysfunction. The aim
of this review is to discuss the relationship between metabolic dysfunction and
MDD, while highlighting the potential antidepressant effects of insulin. There are
interconnected perpetuating cycles involving hypothalamic-pituitary-adrenal (HPA)
axis dysfunction, inflammation, obesity, insulin resistance, and MDD. Evidence on
the efficacy of agents that target insulin resistance for depression is mixed and
mechanisms by which these agents may improve depressive symptoms have not
been clearly elucidated in studies reporting benefit. While there is a clear need to
continue research on treatments that address the burden imposed by treatment-
resistant depression, current data on whether insulin-sensitivity-targeting therapies
can fill this gap remain limited. Clinically, routine metabolic screening in MDD could
guide precision treatments targeting insulin pathways, particularly in those with
metabolic dysfunction. Future studies considering the role of insulin, especially in
those with insulin resistance, may enable development of novel therapeutics.
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Introduction

Major depressive disorder (MDD) is one of the most frequently
diagnosed mental health disorders and a leading cause of disability
worldwide (1). Almost 6% of adults suffer from depression globally
(2). Symptoms of MDD include appetite changes, anhedonia,
concentration and sleep difficulties, feelings of excessive guilt or
worthlessness, and suicidal ideation (1). Research indicates that
MDD negatively impacts multiple aspects of life, including quality
of life, educational trajectories, interpersonal relationships, and
work performance (1). Development of MDD depends on a variety
of factors, including biological, psychological, and social (1).
Current treatments for MDD include medications that target the
serotonin, norepinephrine, dopamine, and glutamate systems, as
well as psychotherapy, electroconvulsive therapy, transcranial mag-
netic stimulation, and exercise. Almost a third of individuals being
treated with conventional antidepressant treatments are considered
treatment-resistant (3).

Exploring the relationship between obesity, insulin, and MDD
is increasingly important considering that one in eight individuals
globally are obese (4). Obesity is a worldwide chronic disease that is
difficult to treat, with frequent relapses and complex, multifactorial
drivers (5). It is associated with metabolic dysfunction, which
involves energy imbalance leading to excessive fat accumulation
and disruption of normal bodily function (6). The relationship
between obesity and insulin resistance is bidirectional, where
obesity is a risk factor for insulin resistance, and insulin resistance
can exacerbate or contribute to obesity through several intercon-
nected mechanisms (7-10). The inflammation driven by obesity
impairs the insulin signaling pathway and when this signaling
pathway is impaired, more adipose tissue can be stored on the
body (11). MDD, obesity, and insulin resistance are involved in
increased inflammation and HPA axis dysfunction, highlighting the
complexity of their relationship (12, 13). As such, the aim of this
narrative review is to first discuss the interplay between metabolic
dysfunction and MDD, while second highlighting the potential
antidepressant effects of insulin.

Methods

For this narrative review, we searched PubMed/MEDLINE,
PsycINFO, Embase, and the Cochrane Library, supplemented by
manual review of reference lists. As this was a narrative review,
formal risk-of-bias assessment and GRADE (Grading of
Recommendations Assessment, Development, and Evaluation) cer-
tainty ratings were not undertaken. We focused on adult clinical
populations and application to children and adolescents was
beyond the scope of this review.

The role of insulin

Insulin is a polypeptide hormone that was discovered in the
1920s (14). It was the first life-saving treatment for diabetes,
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revolutionizing care (15). Within the same decade, the scientists
involved in its discovery, Frederick Banting and John James Rickard
Macleod, were awarded the Nobel Prize (15). Insulin is primarily
produced and secreted by pancreatic beta cells, and its release is
regulated by circulating blood glucose levels (14, 16). In the fed
state, insulin lowers blood glucose through anabolic pathways,
facilitating storage of circulating glucose in the liver, skeletal
muscle, and adipose tissue (16, 17). To prevent hypoglycemia,
several counter-regulatory hormones act in opposition to insulin,
including glucagon, glucocorticoids, and catecholamines (17).
Adequate insulin production, secretion, and tissue responsiveness
are critical to prevent hyperglycemia. Disruption at any step leads to
insulin resistance, and chronic hyperglycemia has detrimental
effects on multiple organ systems.

Insulin resistance is when the body exhibits reduced sensitivity to
insulin’s effects (7). This metabolic dysfunction is increasingly
prevalent, particularly among younger generations as the obesity
epidemic continues (18). Approximately one third of obese children
and adolescents have insulin resistance (19). Insulin resistance and
beta-cell failure are hallmarks of type 2 diabetes mellitus (T2DM).
Initially, insulin resistance arises but cells adapt by increasing insulin
secretion (17, 20). With persistent energy excess, beta cells are
damaged by excess glucose and free fatty acids, ultimately resulting
in uncompensated insulin resistance and T2DM (7, 17, 18, 20).

Obesity is a major contributor to insulin resistance, especially in
younger populations (11). Excess adipose tissue triggers chronic
low-grade inflammation in multiple tissues, causing local insulin
resistance via disruption of insulin signaling pathways (11). Hepatic
steatosis may further exacerbate systemic inflammation, inducing
secondary insulin resistance in various tissues (11).

Clinically, insulin resistance may present as insulin resistance
syndrome (17). Biochemical features include glucose intolerance,
dyslipidemia, elevated procoagulant factors, hemodynamic changes,
elevated inflammation markers, abnormal uric acid metabolism, and,
in women, increased ovarian testosterone secretion (17). Physical
signs include skin tags in individuals with obesity (21). Syndromes
associated with insulin resistance include cardiovascular disease,
hypertension, T2DM, metabolic dysfunction-associated steatotic
liver disease (formerly known as non-alcoholic fatty liver disease),
cancer, polycystic ovary syndrome, and sleep apnea (17). Insulin also
exerts central effects, supporting neuronal metabolism and partici-
pating in learning and memory pathways (22). Cerebral insulin
resistance can lead to neuronal degeneration and permanent
memory loss and is a major risk factor for cognitive impairment (22).

Insulin resistance, diabetes, metabolic syndrome, and the afore-
mentioned insulin-resistance-associated conditions exhibit strong
comorbidity with depression (23). This raises the question of why
this occurs and whether treatments for MDD should be broadened
to include strategies that successfully target these other syndromes.

The link between insulin resistance,
inflammation, and MDD

Insulin resistance and chronic low-grade inflammation are
linked, each exacerbating the other in a reinforcing feedback loop
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that leads to T2DM (Figure 1) (24). Persistent inflammation has been
associated with MDD in the inflammatory hypothesis of depression.
This hypothesis posits that cytokines can access the central nervous
system and drive cascades that contribute to depression pathophys-
iology (25, 26). Cytokines can reach the brain by penetrating the
blood-brain barrier or being produced locally by microglia (26).
Supporting evidence includes the high comorbidity between MDD
and chronic inflammatory diseases (e.g., diabetes, cardiovascular
disease, autoimmune conditions) and data showing that proinflam-
matory cytokines can induce neurotoxicity with reduced
neurotrophic support, and modulate neurotransmitter systems,
amino acid metabolism, neurotrophic factors, neurogenesis, neuro-
endocrine activity, and mood-related neurocircuitry (25, 26). In fact,
more than a third of the nonfatal burden of individuals with MDD is
driven by comorbid chronic inflammatory conditions (27).
Administration of cytokines can generate depressive symptoms,
and several approved MDD treatments demonstrate anti-inflamma-
tory effects (26). Proinflammatory cytokines can also impair central
negative feedback regulation of the hypothalamic-pituitary-adrenal
(HPA) axis and contribute to glucocorticoid resistance (26). The
HPA axis coordinates responses to stressors threatening homeostasis;
cytokines are among the signals it integrates (28). Chronic imbalance
of these cytokines may therefore dysregulate the HPA axis (28).

Chronically elevated inflammatory cytokines in obesity and
depression can signal persistent stress to the HPA axis, promoting
its overactivity. Sustained HPA activation favors visceral adiposity,
creating a vicious cycle (29). Glucocorticoids decrease insulin
secretion, increase insulin resistance, and promote abdominal fat,
further perpetuating the cycle (29). Cortisol, the primary glucocor-
ticoid, can accelerate insulin resistance by reducing insulin sensi-
tivity, promoting gluconeogenesis, and increasing abdominal
adiposity (29, 30).

HPA axis dysfunction is strongly correlated with MDD. Some
studies suggest that alterations in HPA functioning are crucial to the
pathogenesis of depression (31-33), potentially via interactions with
inflammatory pathways (34). MDD is frequently associated with
chronic stress, which can induce HPA hyperactivity, creating a
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FIGURE 1

Simplified proposed perpetuating cycle linking T2DM and MDD.
Created in BioRender. Palacek, K. (2026) https://BioRender.com/
j515gkx.
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bidirectional cycle wherein depression and HPA axis dysfunction
reinforce one another (35). Thus, perpetuating cycles link HPA axis
dysfunction, obesity, insulin resistance, and MDD.

Obesity is a major risk factor for T2DM (32, 36). Risk is
particularly elevated with intra-abdominal adiposity (37). Obesity
can drive T2DM by inducing insulin resistance and beta-cell
dysfunction through adipose tissue fibrosis, inflammation, neural
alterations, intracellular disturbances, and altered intercellular sig-
naling that reduces tissue insulin sensitivity (37-40). Weight loss
can restore metabolic function when sufficient beta-cell recovery is
possible (37).

Epidemiological data indicate that insulin resistance and MDD
are strongly connected (41). Approximately one in four individuals
with T2DM has either MDD or subthreshold depression (42, 43).
While such a relationship is well supported by epidemiological
evidence, the mechanisms linking insulin resistance and depression,
as well as the directionality of such a relationship, require further
research (44).

The potential of insulin as an
antidepressant

Conceptually, current antidepressants primarily target
dysregulated neurotransmitters (e.g., serotonin, norepinephrine,
dopamine). Although insulin is a peripheral metabolic hormone,
insulin receptors are also found in brain regions involved in mood
regulation and neurotransmitter production, including the raphe
nuclei, amygdala, ventral tegmental area, and nucleus accumbens
(45). In mice, Gupta et al. found that insulin increased brain
serotonin levels and produced antidepressant effects (46). Rodent
studies further indicate that insulin resistance impairs dopamine
signaling and generates depressive and anxious phenotypes (47).
Cerebral insulin resistance can also impair neurogenesis and
synaptic plasticity within reward and learning pathways, potentially
contributing to depressive symptoms (45, 48). In rats, Mueller et al.
reported that insulin achieved antidepressant-like effects compara-
ble to a serotoninergic antidepressant, mediated via insulin-like
growth factor-1 (IGF-1) receptors (49). Notably, several studies
suggest that selective serotonin reuptake inhibitors (SSRI) and
ketamine may enhance IGF-1 signaling, potentially linking insulin
pathways to conventional antidepressant mechanisms (50-52).

Insulin resistance has been linked to depression that is non-
responsive to conventional antidepressants (53). This has been
proposed to reflect persistent neurotransmitter dysregulation sec-
ondary to insulin resistance (53, 54). Therefore, in individuals with
insulin resistance, conventional antidepressants may only partially
restore neurotransmitter function if insulin signaling remains
impaired.

While insulin appears to influence neurotransmitter systems
long considered central to depression, some conventional antide-
pressants may increase insulin sensitivity and have positive meta-
bolic effects (55). These effects have been most consistently observed
with SSRIs, whereas drugs that act more strongly on the norepi-
nephrine system have been associated with reduced insulin sensi-
tivity (55). Consistent with this, in the GENome-based therapeutic
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Drugs for DEPression (GENDEP) project, obesity predicted a
poorer response to nortriptyline (noradrenergic/serotonergic) but
not to escitalopram (principally serotonergic) (56).

Taken together, targeting insulin resistance and metabolic
dysfunction may be a viable strategy for treating depression.
Given the high rates of non-response to conventional therapies,
identifying new targets is a priority (45). This is particularly relevant
because many individuals with treatment-resistant depression ex-
hibit metabolic dysfunction, including insulin resistance (57, 58).
Considering the role of insulin, especially in those with insulin
resistance, may therefore enable novel treatments and im-
proved outcomes.

The bidirectional relationship and
interpretation of treatment effects

The relationship between insulin resistance and MDD is bidi-
rectional. A meta-analysis including 70 studies (n=240,704) found
that fasting insulin levels and HOMA-IR were significantly elevated
during acute depressive episodes, but not during remission, dem-
onstrating that insulin resistance functions as a state rather than
trait biomarker (59). Mendelian randomization analyses further
support bidirectional causal effects, with genetic risk of MDD
associated with increased risk of T2DM and markers of insulin
resistance, while genetic risk of T2DM is associated with MDD and
even treatment-resistant depression (60). While treatments that
target and improve metabolic dysfunction and insulin sensitivity
have been associated with significant mood improvements in some
trials (61-63), it is important to note that changes in metabolic
markers do not always correlate with the antidepressant effects of
insulin-sensitizing agents (64). As such, some of the observed
improvements in MDD symptoms following insulin-sensitizing
agents may reflect non-specific benefits such as enhanced physical
well-being or increased energy rather than a specific isolated
antidepressant mechanism mediated by insulin pathways. These
considerations are crucial to delineate causality in future trials via
mediation analyses to better distinguish the insulin-specific versus
non-specific antidepressant effects.

Treatments that target insulin
signaling

While a systematic review of 28 studies found insulin resistance
to be associated with depressive symptom severity and found
individuals with depression to have higher fasting glucose
(SMD = 0.30, 95% CI [0.12, 0.48]) (65), evidence on the efficacy
of anti-hyperglycemic agents for depressive symptoms is mixed
(41). Furthermore, the mechanisms by which these agents might
alleviate depressive symptoms are not fully elucidated (41). It
remains unclear whether mood benefits (when observed) are
mediated by improved insulin sensitivity per se, secondary anti-
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inflammatory or neurotrophic effects, weight loss, or other path-
ways (41). The following section will describe some of the current
available treatments for metabolic dysfunction and insulin resis-
tance, while highlighting evidence that discusses their therapeutic
implications with depression. While this section does not provide a
comprehensive overview, we aim to broadly highlight the potential
of these agents. These treatments include pharmacological man-
agement with exogenous insulin, metformin, peroxisome
proliferator-activated receptor-gamma (PPARY) agonists, gluca-
gon-like peptide-1 (GLP-1) receptor agonists, and sulfonylureas,
as well as lifestyle measures such as exercise and dietary changes.

One approach to augment insulin signaling is exogenous
insulin. Even when tissue responsiveness is diminished, additional
insulin may potentiate signaling. In the literature featuring patients
with and without diabetes reviewed by Woo et al., mixed evidence
was found regarding the impact of insulin administration on
depressive symptoms (41). One study analyzing poorly controlled
type-2 diabetic patients who did not all have depressive symptoms
at baseline reported improvements in depressive symptoms at 4 and
12 weeks when on a median daily insulin dose of 32U (41, 66). In a
follow-up study with the same patient population demographics as
the one previous, the improvement in depressive symptomology
was not observed on the longer time scale of 6 months when
targeting a capillary blood glucose of <7mmol/L fasted and
<10mmol/L before meals and bedtime (41, 67).

Metformin improves insulin sensitivity primarily by activating
the AMPK signaling pathway, but also by acting through other
methods (68). It is widely used in the treatment of T2DM (68, 69).
In a randomized-controlled study of 58 patients with MDD and
T2DM, 24 weeks of metformin significantly improved depressive
symptoms (MADRS and HRDS-17) and cognitive performance,
compared to the placebo group (61). In a cohort of 323,930 people
with T2DM, metformin use was associated with a significantly
lower risk of depression (70). However, a meta-analysis of 6
randomized controlled trials, comprising of 2,638 T2DM individ-
uals, did not find consistent benefit on depressive symptoms (71).
This being said, most studies in this meta-analysis were not focused
on patients with MDD (71).

PPARY agonists treat insulin resistance by modulating
glucoregulatory pathways (72). Evidence suggests promising antide-
pressant effects (62). A meta-analysis by Colle et al. found that 30 mg
per day of PPARY agonists could induce remission of depressive
symptoms in individuals with depression, including those with and
without metabolic comorbidities (62). Three of the studies included in
this meta-analysis had a study duration of 6 weeks, and the fourth had
a study duration of 12 weeks (62). In the meta-analysis by Moulton
et al,, pioglitazone, a PPARY agonist, was associated with improve-
ment in depressive symptoms when compared to controls with a dose
range of 15 to 45 mg per day between studies which ranged in
duration from 6 to 44 weeks (pooled effect size = -0.68) (71).

GLP-1 receptor agonists, popularized for weight loss, also
improve insulin resistance by increasing glucose transporters in
tissues and reducing inflammation (73). While evidence for reduc-
ing incident depression in diabetes is mixed, a meta-analysis by
Chen et al. found that GLP-1 agonists can significantly reduce
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depressive symptoms, compared to control treatments (SMD =
-0.12, 95% CI [-0.21, -0.03], I* = 2%) (63, 74).

Sulfonylureas have been observed to increase pancreatic insulin
secretion and reduce hepatic gluconeogenesis and insulin clearance
(58). In a cross-sectional study, exposure to sulfonylureas was
associated with lower odds of depression (PHQ-9) in patients
with T2DM (OR of 0.374, 95% CI: 0.182-0.768, P = 0.007)\ (75).

Finally, exercise and dietary changes are long known to increase
insulin sensitivity (76). In a systematic review and meta-analysis
accounting for 2264 adults with a diagnosis of MDD or depressive
symptoms, exercise was shown to have moderate to large positive
effects on depressive symptoms (77). This effect remained even
when limiting the analysis to low risk of bias studies (77).
Furthermore, non-inferiority trials indicated that exercise was not
inferior to current first-line antidepressants (77). While weight loss
shows mixed effects on mood overall, among overweight individ-
uals, caloric restriction has been associated with improved depres-
sive symptoms in limited evidence (78).

Discussion

Evidently, the evidence surrounding insulin and drugs that
target insulin resistance is inconclusive. Nonetheless, the mixed
results highlighted above illustrate the importance of further delin-
eating the effects of these potential therapeutics with larger ran-
domized control trials (RCTs). The limited analysis in this review is
primarily due to a paucity of literature but exacerbated by high
interstudy heterogeneity (74). Furthermore, a lot of the evidence
comes from preclinical studies, observational data and small clinical
trials. Finally, many of the studies that analyze if the aforemen-
tioned treatments can improve depressive symptoms are performed
in patients without diagnosed depression.

If future testing with larger RCTs demonstrate null effects, this
could indicate that the theory surrounding insulin and insulin
resistance in depression discussed above requires refinement.
Notably, this may suggest that these agents would be better suited
as adjuncts than as an independent therapy. Furthermore, the
patient population in which these agents would be best suited
may require further studies to delineate, as it is possible that these
agents are effective in the treatment of depressive symptoms in
individuals with metabolic dysfunction, but less so in individuals
without. Finally, it would also be of relevance to parse out how these
agents affect conditions related to MDD including sleep and
cognitive disorders, and how its effect on these conditions affect
the prognosis of depression. More targeted work surrounding
potential therapeutics for depression must take into consideration
the multifactorial onset of this disorder where one treatment option
may not target all cases of depressive symptom pathology.

MDD remains highly prevalent and disabling, and non-re-
sponse to conventional antidepressants underscores the need for
novel strategies. Robust physiological links between MDD and
metabolic dysfunction, particularly insulin resistance, highlight a
plausible therapeutic axis. Although early data suggest that insulin-

Frontiers in Psychiatry

10.3389/fpsyt.2026.1930167

sensitivity-targeting interventions may alleviate depressive symp-
toms in some patients, the overall evidence is mixed, and the
underlying mechanisms are not fully delineated. Clinically, routine
metabolic screening in MDD could inform precision-medicine
approaches in which insulin pathways are considered as adjunctive
targets, especially for those with clear metabolic dysfunction.
Insulin-targeted therapies have transformed the management of
metabolic disease; appropriately tested and judiciously applied, they
may also contribute to reducing the burden of MDD.

Author contributions

KP: Writing - review & editing, Writing - original draft,
Investigation, Conceptualization. OC: Writing - review & editing,
Writing - original draft. SK: Writing - original draft, Writing -
review & editing. GB: Writing - review & editing, Writing - original
draft. CZ: Writing - review & editing, Writing - original draft. SW:
Writing - original draft, Writing - review & editing. NF:
Supervision, Writing — review & editing, Writing — original draft,
Investigation, Conceptualization.

Funding

The author(s) declared that financial support was not received
for this work and/or its publication.

Acknowledgments

The authors thank Dr. Marco Solmi for his valuable guidance
throughout the preparation of this mini-review.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that generative Al was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

frontiersin.org


https://doi.org/10.3389/fpsyt.2026.1930167
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Palacek et al.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Remes O, Mendes JF, Templeton P. Biological, psychological, and social determi-
nants of depression: A review of recent literature. Brain Sci. (2021) 11. doi: 10.3390/
brainscil1121633

2. World Health Organization. Depressive Disorder (Depression) (2025). Available
online at: https://www.who.int/news-room/fact-sheets/detail/depression (Accessed
October 18, 2025).

3. Jaffe DH, Rive B, Denee TR. The humanistic and economic burden of treatment-
resistant depression in Europe: A cross-sectional study. BMC Psychiatry. (2019) 19:247.
doi: 10.1186/s12888-019-2222-4

4. World Health Organization. One in Eight People are Now Living With Obesity
(2024). Available online at: https://www.who.int/news/item/01-03-2024-one-in-eight-
people-are-now-living-with-obesity (Accessed October 18, 2025).

5. Koliaki C, Dalamaga M, Liatis S. Update on the obesity epidemic: After the sudden
rise, is the upward trajectory beginning to flatten? Curr Obes Rep. (2023) 12:514-27.
doi: 10.1007/s13679-023-00527-y

6. Kawai T, Autieri MV, Scalia R. Adipose tissue inflammation and metabolic
dysfunction in obesity. Am ] Physiol Cell Physiol. (2021) 320:C375-91. doi: 10.1152/
ajpcell.00379.2020

7. Kahn BB, Flier JS. Obesity and insulin resistance. J Clin Invest. (2000) 106:473-81.
doi: 10.1172/JCI110842

8. Ruze R, Liu T, Zou X, Song J, Chen Y, Xu R, et al. Obesity and type 2 diabetes
mellitus: Connections in epidemiology, pathogenesis, and treatments. Front Endocrinol
(Lausanne). (2023) 14:1161521. doi: 10.3389/fendo.2023.1161521

9. Watson KT, Simard JF, Henderson VW, Nutkiewicz L, Lamers F, Nasca C, et al.
Incident major depressive disorder predicted by three measures of insulin resistance: A
Dutch cohort study. Am ] Psychiatry. (2021) 178:914-20. doi: 10.1176/
appi.ajp.2021.20101479

10. Preiss K, Brennan L, Clarke D. A systematic review of variables associated with the
relationship between obesity and depression. Obes Rev. (2013) 14:906-18. doi: 10.1111/
obr.12052

11. de Luca C, Olefsky JM. Inflammation and insulin resistance. FEBS Lett. (2008)
582:97-105. doi: 10.1016/j.febslet.2007.11.057

12. Werdermann M, Berger I, Scriba LD, Santambrogio A, Schlinkert P, Brendel H,
et al. Insulin and obesity transform hypothalamic-pituitary-adrenal axis stemness and
function in a hyperactive state. Mol Metab. (2021) 43:101112. doi: 10.1016/
j.molmet.2020.101112

13. Mikulska J, Juszczyk G, Gawronska-Grzywacz M, Herbet M. HPA axis in the
pathomechanism of depression and schizophrenia: New therapeutic strategies based on
its participation. Brain Sci. (2021) 11. doi: 10.3390/brainscil1101298

14. Csajbok EA, Tamas G. Cerebral cortex: A target and source of insulin?
Diabetologia. (2016) 59:1609-15. doi: 10.1007/s00125-016-3996-2

15. Ryden L, Lindsten J. The history of the Nobel prize for the discovery of insulin.
Diabetes Res Clin Pract. (2021) 175:108819. doi: 10.1016/j.diabres.2021.108819

16. Rahman MS, Hossain KS, Das S, Kundu S, Adegoke EO, Rahman MA, et al. Role of
insulin in health and disease: An update. Int ] Mol Sci. (2021) 22. doi: 10.3390/
1jms22126403

17. Wilcox G. Insulin and insulin resistance. Clin Biochem Rev. (2005) 26:19-39.
doi: 10.1016/1071-5576(95)94135-h

18. Sampath Kumar A, Maiya AG, Shastry BA, Vaishali K, Ravishankar N, Hazari A,
et al. Exercise and insulin resistance in type 2 diabetes mellitus: A systematic review and
meta-analysis. Ann Phys Rehabil Med. (2019) 62:98-103. doi: 10.1016/
j.rehab.2018.11.001

19. Viner RM, Segal TY, Lichtarowicz-Krynska E, Hindmarsh P. Prevalence of the
insulin resistance syndrome in obesity. Arch Dis Child. (2005) 90:10-4. doi: 10.1136/
adc.2003.036467

20. Chang-Chen KJ, Mullur R, Bernal-Mizrachi E. Beta-cell failure as a complication of
diabetes. Rev Endocr Metab Disord. (2008) 9:329-43. doi: 10.1007/s11154-008-9101-5

21. Plascencia Gomez A, Vega Memije ME, Torres Tamayo M, Rodriguez Carreon AA.
Skin disorders in overweight and obese patients and their relationship with insulin.
Actas Dermo-Sifiliograficas (English Edition). (2014) 105:178-85. doi: 10.1016/
j.adengl.2013.09.006

22. Ma L, Wang J, Li Y. Insulin resistance and cognitive dysfunction. Clin Chim Acta.
(2015) 444:18-23. doi: 10.1016/j.cca.2015.01.027

Frontiers in Psychiatry

10.3389/fpsyt.2026.1930167

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

23. Al-Khatib Y, Akhtar MA, Kanawati MA, Mucheke R, Mahfouz M, Al-Nufoury M.
Depression and metabolic syndrome: A narrative review. Cureus. (2022) 14:€22153.
doi: 10.7759/cureus.22153

24. Shoelson SE, Lee ], Goldfine AB. Inflammation and insulin resistance. J Clin Invest.
(2006) 116:1793-801. doi: 10.1172/JCI29069

25. Soskin DP, Cassiello C, Isacoff O, Fava M. The inflammatory hypothesis of
depression. Focus. (2012) 10:413-21. doi: 10.1176/appi.focus.10.4.413

26. Madeeh Hashmi A, Awais Aftab M, Mazhar N, Umair M, Butt Z. The fiery
landscape of depression: A review of the inflammatory hypothesis. Pak ] Med Sci.
(2013) 29:877-84. doi: 10.12669/pjms.293.3357

27. Berk M, Kohler-Forsberg O, Turner M, Penninx B, Wrobel A, Firth J, et al
Comorbidity between major depressive disorder and physical diseases: A comprehen-
sive review of epidemiology, mechanisms and management. World Psychiatry. (2023)
22:366-87. doi: 10.1002/wps.21110

28. Fulford AJ, Harbuz MS. Chapter 1.3 - An introduction to the HPA axis. Techniques
Behav Neural Sci. (2005) 15:43-65. doi: 10.1016/S0921-0709(05)80006-9

29. Janssen J. New insights into the role of insulin and hypothalamic-pituitary-adrenal
(HPA) axis in the metabolic syndrome. Int J Mol Sci. (2022) 23. doi: 10.3390/
ijms23158178

30. Thau L, Gandhi J, S. S. Physiology, cortisol. In: Treasure Island (FL): Statpearls
Publishing (2023).

31. Stetler C, Miller GE. Depression and hypothalamic-pituitary-adrenal activation: A
quantitative summary of four decades of research. Psychosom Med. (2011) 73:114-26.
doi: 10.1097/PSY.0b013e31820ad12b

32. Menke A. The HPA axis as target for depression. Curr Neuropharmacol. (2024)
22:904-15. doi: 10.2174/1570159X21666230811141557

33. Zhou L, Wang T, Yu Y, Li M, Sun X, Song W, et al. The etiology of poststroke-
depression: A hypothesis involving HPA axis. BioMed Pharmacother. (2022)
151:113146. doi: 10.1016/j.biopha.2022.113146

34. Lei AA, Phang VWX, Lee YZ, Kow ASF, Tham CL, Ho YC, et al. Chronic stress-
associated depressive disorders: The impact of HPA axis dysregulation and
neuroinflammation on the hippocampus-a mini review. Int J Mol Sci. (2025) 26.
doi: 10.3390/ijms26072940

35. Herman JP, McKlveen JM, Ghosal S, Kopp B, Wulsin A, Makinson R, et al.
Regulation of the hypothalamic-pituitary-adrenocortical stress response. Compr
Physiol. (2016) 6:603-21. doi: 10.1002/cphy.c150015

36. Spotlight on Diabetes Data: United States Diabetes Surveillance System. Available
online at: https://gis.cdc.gov/grasp/diabetes/diabetesatlas-spotlight.html (Accessed
August 19, 2025).

37. Klein S, Gastaldelli A, Yki-Jirvinen H, Scherer PE. Why does obesity cause
diabetes? Cell Metab. (2022) 34:11-20. doi: 10.1016/j.cmet.2021.12.012

38. Hardy OT, Czech MP, Corvera S. What causes the insulin resistance underlying
obesity? Curr Opin Endocrinol Diabetes Obes. (2012) 19:81-7. doi: 10.1097/
MED.0b013e3283514¢13

39. Tong Y, Xu S, Huang L, Chen C. Obesity and insulin resistance: Pathophysiology
and treatment. Drug Discov Today. (2022) 27:822-30. doi: 10.1016/j.drudis.2021.11.001

40. Rehman K, Akash MS. Mechanisms of inflammatory responses and development
of insulin resistance: How are they interlinked? ] BioMed Sci. (2016) 23:87. doi: 10.1186/
$12929-016-0303-y

41. Woo YS, Lim HK, Wang SM, Bahk WM. Clinical evidence of antidepressant
effects of insulin and anti-hyperglycemic agents and implications for the pathophys-
iology of depression-a literature review. Int J Mol Sci. (2020) 21. doi: 10.3390/
ijms21186969

42. Grigolon RB, Brietzke E, Mansur RB, Idzikowski MA, Gerchman F, De Felice FG,
et al. Association between diabetes and mood disorders and the potential use of anti-
hyperglycemic agents as antidepressants. Prog Neuro-Psychopharmacol Biol Psychiatry.
(2019) 95:109720. doi: 10.1016/j.pnpbp.2019.109720

43. Semenkovich K, Brown ME, Svrakic DM, Lustman PJ. Depression in type 2
diabetes mellitus: Prevalence, impact, and treatment. Drugs. (2015) 75:577-87.
doi: 10.1007/s40265-015-0347-4

44. Kan C, Silva N, Golden SH, Rajala U, Timonen M, Stahl D, et al. A systematic
review and meta-analysis of the association between depression and insulin resistance.
Diabetes Care. (2013) 36:480-9. doi: 10.2337/dc12-1442

frontiersin.org


https://doi.org/10.3390/brainsci11121633
https://doi.org/10.3390/brainsci11121633
https://www.who.int/news-room/fact-sheets/detail/depression
https://doi.org/10.1186/s12888-019-2222-4
https://www.who.int/news/item/01-03-2024-one-in-eight-people-are-now-living-with-obesity
https://www.who.int/news/item/01-03-2024-one-in-eight-people-are-now-living-with-obesity
https://doi.org/10.1007/s13679-023-00527-y
https://doi.org/10.1152/ajpcell.00379.2020
https://doi.org/10.1152/ajpcell.00379.2020
https://doi.org/10.1172/JCI10842
https://doi.org/10.3389/fendo.2023.1161521
https://doi.org/10.1176/appi.ajp.2021.20101479
https://doi.org/10.1176/appi.ajp.2021.20101479
https://doi.org/10.1111/obr.12052
https://doi.org/10.1111/obr.12052
https://doi.org/10.1016/j.febslet.2007.11.057
https://doi.org/10.1016/j.molmet.2020.101112
https://doi.org/10.1016/j.molmet.2020.101112
https://doi.org/10.3390/brainsci11101298
https://doi.org/10.1007/s00125-016-3996-2
https://doi.org/10.1016/j.diabres.2021.108819
https://doi.org/10.3390/ijms22126403
https://doi.org/10.3390/ijms22126403
https://doi.org/10.1016/1071-5576(95)94135-h
https://doi.org/10.1016/j.rehab.2018.11.001
https://doi.org/10.1016/j.rehab.2018.11.001
https://doi.org/10.1136/adc.2003.036467
https://doi.org/10.1136/adc.2003.036467
https://doi.org/10.1007/s11154-008-9101-5
https://doi.org/10.1016/j.adengl.2013.09.006
https://doi.org/10.1016/j.adengl.2013.09.006
https://doi.org/10.1016/j.cca.2015.01.027
https://doi.org/10.7759/cureus.22153
https://doi.org/10.1172/JCI29069
https://doi.org/10.1176/appi.focus.10.4.413
https://doi.org/10.12669/pjms.293.3357
https://doi.org/10.1002/wps.21110
https://doi.org/10.1016/S0921-0709(05)80006-9
https://doi.org/10.3390/ijms23158178
https://doi.org/10.3390/ijms23158178
https://doi.org/10.1097/PSY.0b013e31820ad12b
https://doi.org/10.2174/1570159X21666230811141557
https://doi.org/10.1016/j.biopha.2022.113146
https://doi.org/10.3390/ijms26072940
https://doi.org/10.1002/cphy.c150015
https://gis.cdc.gov/grasp/diabetes/diabetesatlas-spotlight.html
https://doi.org/10.1016/j.cmet.2021.12.012
https://doi.org/10.1097/MED.0b013e3283514e13
https://doi.org/10.1097/MED.0b013e3283514e13
https://doi.org/10.1016/j.drudis.2021.11.001
https://doi.org/10.1186/s12929-016-0303-y
https://doi.org/10.1186/s12929-016-0303-y
https://doi.org/10.3390/ijms21186969
https://doi.org/10.3390/ijms21186969
https://doi.org/10.1016/j.pnpbp.2019.109720
https://doi.org/10.1007/s40265-015-0347-4
https://doi.org/10.2337/dc12-1442
https://doi.org/10.3389/fpsyt.2026.1930167
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Palacek et al.

45. Lyra ESNM, Lam MP, Soares CN, Munoz DP, Milev R, De Felice FG. Insulin
resistance as a shared pathogenic mechanism between depression and type 2 diabetes.
Front Psychiatry. (2019) 10:57. doi: 10.3389/fpsyt.2019.00057

46. Gupta D, Kurhe Y, Radhakrishnan M. Antidepressant effects of insulin in
streptozotocin induced diabetic mice: Modulation of brain serotonin system. Physiol
Behav. (2014) 129:73-8. doi: 10.1016/j.physbeh.2014.02.036

47. Gruber ], Hanssen R, Qubad M, Bouzouina A, Schack V, Sochor H, et al. Impact of
insulin and insulin resistance on brain dopamine signalling and reward processing - An
underexplored mechanism in the pathophysiology of depression? Neurosci Biobehav
Rev. (2023) 149:105179. doi: 10.1016/j.neubiorev.2023.105179

48. Zou XH, Sun LH, Yang W, Li BJ, Cui R]. Potential role of insulin on the
pathogenesis of depression. Cell Proliferation. (2020) 53. doi: 10.1111/cpr.12806

49. Mueller PL, Pritchett CE, Wiechman TN, Zharikov A, Hajnal A. Antidepressant-
like effects of insulin and IGF-1 are mediated by IGF-1 receptors in the brain. Brain Res
Bull. (2018) 143:27-35. doi: 10.1016/j.brainresbull.2018.09.017

50. Deyama S, Kondo M, Shimada S, Kaneda K. IGF-1 release in the medial prefrontal
cortex mediates the rapid and sustained antidepressant-like actions of ketamine. Transl
Psychiatry. (2022) 12:178. doi: 10.1038/s41398-022-01943-9

51. Trojan E, Glombik K, Slusarczyk J, Budziszewska B, Kubera M, Roman A, et al. The
beneficial impact of antidepressant drugs on prenatal stress-evoked malfunction of the
insulin-like growth factor-1 (IGF-1) protein family in the olfactory bulbs of adult rats.
Neurotox Res. (2016) 29:288-98. doi: 10.1007/s12640-015-9575-3

52. Levada OA, Troyan AS, Pinchuk IY. Serum insulin-like growth factor-1 as a
potential marker for MDD diagnosis, its clinical characteristics, and treatment efficacy
validation: data from an open-label vortioxetine study. BMC Psychiatry. (2020) 20:208.
doi: 10.1186/512888-020-02636-7

53. Krupa AJ, Chrobak AA, Soltys Z, Dudek D, Szewczyk B, Siwek M. Insulin
resistance, clinical presentation and resistance to selective serotonin and noradrenaline
reuptake inhibitors in major depressive disorder. Pharmacol Rep. (2024) 76:1100-13.
doi: 10.1007/s43440-024-00621-5

54. Krupa AJ, Dudek D, Siwek M. Consolidating evidence on the role of insulin
resistance in major depressive disorder. Curr Opin Psychiatry. (2024) 37:23-8.
doi: 10.1097/YCO.0000000000000905

55. Mclntyre RS, Soczynska JK, Konarski JZ, Kennedy SH. The effect of antidepres-
sants on glucose homeostasis and insulin sensitivity: synthesis and mechanisms. Expert
Opin Drug Saf. (2006) 5:157-68. doi: 10.1517/14740338.5.1.157

56. Uher R, Mors O, Hauser ], Rietschel M, Maier W, Kozel D, et al. Body weight as a
predictor of antidepressant efficacy in the GENDEP project. | Affect Disord. (2009)
118:147-54. doi: 10.1016/j.jad.2009.02.013

57. Pan LA, Segreti AM, Wrobleski J, Shaw A, Hyland K, Hughes M, et al.
Metabolomic disorders: confirmed presence of potentially treatable abnormalities in
patients with treatment refractory depression and suicidal behavior. Psychol Med.
(2023) 53:6046-54. doi: 10.1017/S0033291722003233

58. Fanelli G, Bralten ], Franke B, Roth Mota N, Atti AR, De Ronchi D, et al. Insulin
resistance and poorer treatment outcomes in depression: evidence from UK Biobank
primary care data. Br J Psychiatry. (2026) 229:26-35. doi: 10.1192/bjp.2025.82

59. Fernandes BS, Salagre E, Enduru N, Grande I, Vieta E, Zhao Z. Insulin resistance in
depression: a large meta-analysis of metabolic parameters and variation. Neurosci
Biobehav Rev. (2022) 139:104758. doi: 10.1016/j.neubiorev.2022.104758

60. Bala R, Handley D, Gillett A, Green H, Bowden J, Wood A, et al. Evidence of
bidirectional relationship between type 2 diabetes and depression; a Mendelian random-
ization study. Mol Psychiatry. (2025) 30:5013-23. doi: 10.1038/s41380-025-03083-0

61. Guo M, Mi J, Jiang QM, Xu JM, Tang YY, Tian G, et al. Metformin may produce
antidepressant effects through improvement of cognitive function among depressed
patients with diabetes mellitus. Clin Exp Pharmacol Physiol. (2014) 41:650-6.
doi: 10.1111/1440-1681.12265

Frontiers in Psychiatry

07

10.3389/fpsyt.2026.1930167

62. Colle R, de Larminat D, Rotenberg S, Hozer F, Hardy P, Verstuyft C, et al
Pioglitazone could induce remission in major depression: a meta-analysis.
Neuropsychiatr Dis Treat. (2017) 13:9-16. doi: 10.2147/NDT.S121149

63. Chen X, Zhao P, Wang W, Guo L, Pan Q. The antidepressant effects of GLP-1
receptor agonists: a systematic review and meta-analysis. Am ] Geriatr Psychiatry.
(2024) 32:117-27. doi: 10.1016/j.jagp.2023.08.010

64. Toba-Oluboka T, Vochoskova K, Hajek T. Are the antidepressant effects of insulin-
sensitizing medications related to improvements in metabolic markers? Transl
Psychiatry. (2022) 12:469. doi: 10.1038/s41398-022-02234-z

65. Wong S, Le GH, Guillen-Burgos HF, Ho R, Cao B, Lo HKY, et al. The association
between depressive symptom severity and metabolic disturbances in major depressive
and bipolar disorders: a systematic review and meta-analysis. ] Affect Disord. (2025)
395:120783. doi: 10.1016/j.jad.2025.120783

66. Reza M, Taylor CD, Towse K, Ward JD, Hendra TJ. Insulin improves well-being
for selected elderly type 2 diabetic subjects. Diabetes Res Clin Pract. (2002) 55:201-7.
doi: 10.1016/s0168-8227(01)00327-8

67. Hendra TJ, Taylor CD. A randomised trial of insulin on well-being and carer strain
in elderly type 2 diabetic subjects. | Diabetes Complications. (2004) 18:148-54.
doi: 10.1016/j.jdiacomp.2003.11.001

68. Rena G, Hardie DG, Pearson ER. The mechanisms of action of metformin.
Diabetologia. (2017) 60:1577-85. doi: 10.1007/s00125-017-4342-z

69. Wiernsperger NF, Bailey CJ. The antihyperglycaemic effect of metformin: thera-
peutic and cellular mechanisms. Drugs. (1999) 58:31-9. doi: 10.2165/00003495-
199958001-00009

70. Yu H, Yang R, Wu J, Wang S, Qin X, Wu T, et al. Association of metformin and
depression in patients with type 2 diabetes. J Affect Disord. (2022) 318:380-5.
doi: 10.1016/j.jad.2022.09.015

71. Moulton CD, Hopkins CWP, Ismail K, Stahl D. Repositioning of diabetes
treatments for depressive symptoms: a systematic review and meta-analysis of clinical
trials. Psychoneuroendocrinology. (2018) 94:91-103. doi: 10.1016/j.psyneuen.2018.
05.010

72. Olefsky JM. Treatment of insulin resistance with peroxisome proliferator-activated
receptor gamma agonists. J Clin Invest. (2000) 106:467-72. doi: 10.1172/JCI110843

73. Bednarz K, Kowalczyk K, Cwynar M, Czapla D, Czarkowski W, Kmita D, et al. The
role of GLP-1 receptor agonists in insulin resistance with concomitant obesity
treatment in polycystic ovary syndrome. Int ] Mol Sci. (2022) 23. doi: 10.3390/
ijms23084334

74. Cooper DH, Ramachandra R, Ceban F, Di Vincenzo JD, Rhee TG, Mansur RB,
et al. Glucagon-like peptide 1 (GLP-1) receptor agonists as a protective factor for
incident depression in patients with diabetes mellitus: a systematic review. J Psychiatr
Res. (2023) 164:80-9. doi: 10.1016/j.jpsychires.2023.05.041

75. Mansour A, Dehghan Najm Abadi A, Etesam F, Danaei S, Abaszadeh Y, Torabi F,
et al. Association of antidiabetic medications with psychiatric disorders in patients with
type 2 diabetes: a cross-sectional study. Eur ] Med Res. (2025) 30:654. doi: 10.1186/
540001-025-02871-2

76. Schenk S, Harber MP, Shrivastava CR, Burant CF, Horowitz JF. Improved insulin
sensitivity after weight loss and exercise training is mediated by a reduction in plasma
fatty acid mobilization, not enhanced oxidative capacity. J Physiol. (2009) 587:4949-56.
doi: 10.1113/jphysiol.2009.175489

77. Heissel A, Heinen D, Brokmeier LL, Skarabis N, Kangas M, Vancampfort D, et al.
Exercise as medicine for depressive symptoms? A systematic review and meta-analysis
with meta-regression. Br ] Sports Med. (2023) 57:1049-57. doi: 10.1136/bjsports-2022-
106282

78. Patsalos O, Keeler J, Schmidt U, Penninx B, Young AH, Himmerich H. Diet,
obesity, and depression: a systematic review. J Pers Med. (2021) 11. doi: 10.3390/
jpm11030176

frontiersin.org


https://doi.org/10.3389/fpsyt.2019.00057
https://doi.org/10.1016/j.physbeh.2014.02.036
https://doi.org/10.1016/j.neubiorev.2023.105179
https://doi.org/10.1111/cpr.12806
https://doi.org/10.1016/j.brainresbull.2018.09.017
https://doi.org/10.1038/s41398-022-01943-9
https://doi.org/10.1007/s12640-015-9575-3
https://doi.org/10.1186/s12888-020-02636-7
https://doi.org/10.1007/s43440-024-00621-5
https://doi.org/10.1097/YCO.0000000000000905
https://doi.org/10.1517/14740338.5.1.157
https://doi.org/10.1016/j.jad.2009.02.013
https://doi.org/10.1017/S0033291722003233
https://doi.org/10.1192/bjp.2025.82
https://doi.org/10.1016/j.neubiorev.2022.104758
https://doi.org/10.1038/s41380-025-03083-0
https://doi.org/10.1111/1440-1681.12265
https://doi.org/10.2147/NDT.S121149
https://doi.org/10.1016/j.jagp.2023.08.010
https://doi.org/10.1038/s41398-022-02234-z
https://doi.org/10.1016/j.jad.2025.120783
https://doi.org/10.1016/s0168-8227(01)00327-8
https://doi.org/10.1016/j.jdiacomp.2003.11.001
https://doi.org/10.1007/s00125-017-4342-z
https://doi.org/10.2165/00003495-199958001-00009
https://doi.org/10.2165/00003495-199958001-00009
https://doi.org/10.1016/j.jad.2022.09.015
https://doi.org/10.1016/j.psyneuen.2018.05.010
https://doi.org/10.1016/j.psyneuen.2018.05.010
https://doi.org/10.1172/JCI10843
https://doi.org/10.3390/ijms23084334
https://doi.org/10.3390/ijms23084334
https://doi.org/10.1016/j.jpsychires.2023.05.041
https://doi.org/10.1186/s40001-025-02871-2
https://doi.org/10.1186/s40001-025-02871-2
https://doi.org/10.1113/jphysiol.2009.175489
https://doi.org/10.1136/bjsports-2022-106282
https://doi.org/10.1136/bjsports-2022-106282
https://doi.org/10.3390/jpm11030176
https://doi.org/10.3390/jpm11030176
https://doi.org/10.3389/fpsyt.2026.1930167
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

	Metabolic dysfunction and insulin resistance in depression: mechanisms, evidence, and therapeutic implications
	Introduction
	Methods
	The role of insulin
	The link between insulin resistance, inflammation, and MDD
	The potential of insulin as an antidepressant
	The bidirectional relationship and interpretation of treatment effects
	Treatments that target insulin signaling
	Discussion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


