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Abstract 

Alzheimer’s disease (AD) is the most common form of dementia globally and is characterised by reduced mito-
chondrial respiration and cortical deposition of amyloid-β plaques and neurofibrillary tangles comprised of hyper-
phosphorylated tau. Despite its characterisation more than 110 years ago, the mechanisms by which AD develops 
are still unclear. Dysregulation of microglial phagocytosis of amyloid-β may play a key role. Microglia are the major 
innate immune cell of the central nervous system and are critical responders to pro-inflammatory states. Typically, 
microglia react with a short-lived inflammatory response. However, a dysregulation in the resolution of this microglial 
response results in the chronic release of inflammatory mediators. This prolongs the state of neuroinflammation, 
likely contributing to the pathogenesis of AD. In addition, the microglial specialised pro-resolving mediator (SPM) 
contribution to phagocytosis of amyloid-β is dysregulated in AD. SPMs are derivatives of dietary n-3 polyunsaturated 
fatty acids (PUFAs) and potentially represent a strategic target for protection against AD progression. However, there 
is little understanding of how mitochondrial respiration in microglia may be sustained long term by n-3-derived SPMs, 
and how this affects their clearance of amyloid-β. Here, we re-evaluate the current literature on SPMs in AD and pro-
pose that SPMs may improve phagocytosis of amyloid-β by microglia as a result of sustained mitochondrial respira-
tion and allowing a pro-resolution response.
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Introduction
Alzheimer’s disease (AD) is an age-related neuro-
degenerative disorder, estimated to cost Australia 
around $26.6 billion annually by 2041 [1] and to cost 
the US $1.1 trillion annually by 2050 [2]. The sympto-
matic presentation of AD is characterised by progres-
sive memory loss and decline in cognitive function, 
accompanied by neurotoxic accumulation of amyloid-β 
plaques and intracellular hyperphosphorylated tau 
(p-tau) [3, 4]. In early-to-mid stages of AD (Braak 
stage I-IV), human AD brains show an increase in tau 
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phosphorylation at Thr231, Ser199, and Tyr18 [5]. 
Stages I-II show early oxidative damage, dysfunction in 
energy production [6], and deficits in complex I of the 
mitochondrial respiratory chain [7], while stages III-IV 
denote the start of amyloid-β plaque formation [5]. In 
later stages (Braak stage V/VI), pathological changes 
reach their peak including deposition of amyloid-β 
plaques and phosphorylation of Thr231, Tyr18, Ser199, 
Ser202/Thr205 and Ser422 [5]. This is accompanied by 
defective mitophagy [8], decreased levels of mitochon-
dria-related proteins [9], and decreased expression 
in mitochondrial complexes I, II, IV and V in human 
entorhinal cortex [10]. These dysregulations in mito-
chondrial activity may play a central role in this accu-
mulation of amyloid-β and p-tau [11]. Mitochondrial 
dysregulation further contributes to all AD-associated 
pathologies by disrupting optimal cellular functioning 
and increasing cell death [12].

Mitochondrial dysregulation occurs in models of AD 
prior to plaque formation. For instance, the transgenic 
Thy-1 amyloid precursor protein (APP) mouse model 
of AD shows a concomitant drop in mitochondrial 
membrane potential and adenosine triphosphate (ATP) 
levels at 3 months of age alongside increased intracel-
lular amyloid-β, events that precede extracellular plaque 
formation [13]. Intracellular and oligomeric forms of 
amyloid-β then lead to the formation of reactive oxygen 
species (ROS) and worsen dysfunctional mitochondrial 
and proteasomal functioning [14–16]. Data in humans 
suggest mitochondrial dysregulation is highly relevant to 
AD progression [17–20].

With early dysfunction in mitochondrial function being 
key to AD [13], it may be posited that one of the most 
important dysregulated pathways during AD pathogen-
esis is the metabolism of lipids to generate energy. The 
metabolites of various lipids support cell survival, pro-
liferation, ATP production, and respiration in neurons 
and glia [21]. The growing field of lipidomics—the study 
of lipid metabolism pathways in biological systems—has 
provided insight into the role of lipid mediators in the 
immune system. Both n-3 and n-6 polyunsaturated fatty 
acids (PUFAs) are integral to brain functioning, becom-
ing esterified into the phospholipid bilayer of neuronal 
and glial cell membranes where they maintain membrane 
function, and regulate gene expression and synthesis of 
lipid mediators [22]. N-3 and n-6 PUFAs comprise 20% 
and 10%, respectively, of total brain phospholipid com-
position [23]. During inflammation, n-3 and n-6 PUFAs 
are metabolised to allow transcellular biosynthesis of 
specialised pro-resolving mediators (SPMs) at local cells 
to respond to and resolve inflammation at an injury site 
[24]. These SPMs may be crucial to long-term mitochon-
drial metabolism and maintaining brain health.

Within microglia, SPMs have neuroprotective effects 
by acting as chemical messengers that allow microglia to 
morphologically and functionally respond to inflamma-
tory stimuli preceding and during AD [25]. Arguably, this 
is a neuroprotective effect, with the pro-resolving cascade 
being largely due to SPM regulation of mitochondrial 
metabolism in microglia. Initially in response to a stimu-
lus such as neuronal damage, the n-6 PUFA, arachidonic 
acid (AA), is metabolised to produce pro-inflammatory 
mediators including prostaglandins (PGs), leukotrienes, 
(LTs) and thromboxanes (TXs) that facilitate an inflam-
matory response from microglia and astrocytes [26, 27]. 
Lipoxins (LXs) are metabolised from n-6 AA lipoxins 
via lipoxygenases, while prostaglandins (PGs), leukot-
rienes (LTs) and thromboxanes (TXs) are metaoblised 
from n-6 AA via both lipoxygenases and cyclooxygenases 
[25]. Secondly, metabolism of n-3 PUFAs eicosapentae-
noic acid (EPA) and docosahexaenoic acid (DHA) drives 
the synthesis of pro-resolving lipid mediators [24] (See 
Table 1). Maresins, neuroprotectins, and resolvins of the 
D series (RvD) are derived from DHA via catalysis from 
lipoxygenases, while resolvins from the E series (RvE) are 
generated from EPA through cyclooxygenases [28]. Once 
the toxic stimulus has been removed, the local secretion 
of RvE and RvD, PD, and MaR promotes a pro-resolv-
ing phenotype characterised by increased efferocytosis 
and a dampened inflammatory response [29–31]. For 
instance, the SPM n-3 derivative, lipoxin A4 (LXA4) has 
pro-resolving effects by reducing ROS production in pro-
inflammatory BV2 microglia cells [32], and inhibiting 
interleukin (IL)−8 expression from 1321N1 human astro-
cytoma cell [33]. Together, this evidence suggests SPMs 
are crucial regulators of the microglial pro-resolving dur-
ing inflammation.

In neurodegenerative diseases, these n-3 and n-6 
derived SPMs show a clear relationship to neuropatho-
logical severity and stage. In preclinical models of Par-
kinson’s disease (PD), RvD1 inhibits the progression of 
neuropathology by supressing the microglial pro-inflam-
matory response and preventing motor impairments [47, 
48]. In PD patients (n = 8), cerebrospinal fluid (CSF) and 
plasma levels of RvD1 are lower than the healthy controls 
(n = 8), with no differences in RvD2 [47]. Similar CSF pat-
terns are seen in AD patients (n = 25) with lower CSF 
n-3 PUFA levels than individuals who were cognitively 
healthy with either no neuropathology (n = 36) or with 
neuropathology (n = 34) with no change in n-6 PUFAs 
across all groups [49]. Interestingly, each clinical group 
showed a distinct pattern of relationships between their 
CSF levels of amyloid-β42 and the ratio of n-3/n-6 PUFAs 
[49], demonstrating that these lipidomic profiles are 
disease-stage specific. With the newness of n-3 research 
in AD, current literature has not, to our knowledge, yet 



Page 3 of 18Slayo et al. Molecular Neurodegeneration           (2025) 20:35  

observed any distinction in the effects of RvE and RvD in 
AD, yet both seem to be beneficial in reducing amyloid-β 
pathology. When increasing RvD1 levels in mildly cogni-
tive impaired (MCI) patients via n-3 supplementation, 
isolated macrophages in vitro show increased phagocyto-
sis of amyloid-β [50]. Similarly, RvE1 treatment in 5xFAD 
mice reduces amyloid-β plaque deposition and release of 
inflammatory cytokines [51]. Together, these show that 
CSF and plasma n-3 derived SPMs have a clear relation-
ship to and are crucial in responding to pathology during 
neurodegenerative diseases.

While the direct mechanism of this SPM-mediated 
neuroprotection is unknown, it has been theorised to be 
related to improved mitochondria function and integrity 
[52]. Treating cells with RvD1 has proven effective in res-
cuing inflammation-driven mitochondrial damage, by 
restoring ATP production and repairing mitochondrial 
structural integrity [53]. Mechanistically, RvD1, RvE1, 
and MaR1 enhance mitochondrial respiration by increas-
ing sirtuin 1 (Sirt1) via adenosine monophosphate-acti-
vated protein kinase (AMPK) signalling (Fig.  1) [53]. 
While research into the relationship between SPMs and 
mitochondrial bioenergetics in microglia specifically is 
scarce, research performed in other cell types provides 
an insight into the mechanisms and potential benefits of 
SPMs in AD-mediated mitochondrial damage in micro-
glia [53–55]. Therefore, sufficient SPM bioavailability in 

the central nervous system (CNS) may allow for the res-
toration of tissue homeostasis by promoting a microglial 
pro-resolving phenotype that is mediated by sustained 
mitochondrial respiration. In this review, we will discuss 
the importance of microglia’s mitochondrial bioenerget-
ics during neuroinflammation specifically in AD, the role 
of n-3-derived SPMs on microglia’s respiratory needs 
when responding to AD neurotoxicity, and the potential 
of using n-3-derived lipid metabolites for cellular respira-
tion-based therapeutic strategies.

Mitochondrial changes in Alzheimer’s disease
The mechanism triggering mitochondrial dysfunction 
is likely to be inflammatory. In models of sepsis, inflam-
mation has detrimental effects on mitochondria, result-
ing in reduced ATP production and mitochondrial 
damage including swelling, fragmentation, and rarefac-
tion of the cristae in proximal tubular cells [52]. In the 
context of AD, exposure of hippocampal neurons to 
amyloid-β reduces mitochondrial anterograde motility 
across axons [68]. This ultimately decreases ATP supply 
and leads to the degradation of the synapses required 
for signal transduction and cell survival [12]. These sub-
optimal brain health conditions are worsened by the 
high-energy demands of the resident brain immune cells, 
microglia, which become hyperactivated in response 
to the neuroinflammatory insult. Microglia challenged 

Table 1 The pro-resolving and pro-inflammatory effects of specialised pro-resolving mediators

Specialised pro-resolving mediator(s) Precursor Effect Action

Lipoxins (LXA4, LXB4) Arachidonic acid (AA) Pro-resolving Downregulates IL-1β and TNF-α production [34]
Promotes pro-resolving microglia phenotype [35]

Resolvins (RvD1, RvD2, RvD3, RvE1, RvE2) Docosahexaenoic acid (DHA) 
and eicosapentaenoic acid 
(EPA)

Pro-resolving Downregulates pro-inflammatory cytokine production 
[36]
Promotes pro-resolving microglia phenotype [35]
Increases phagocytosis of amyloid-β [36]

Protectins (PD1, PDX) DHA Pro-resolving Promotes neuronal survival and induces anti-apoptotic 
gene expression [37]
Promotes pro-resolving microglia phenotype [35]

Maresins (MaR1, MaR2) DHA Pro-resolving Promotes pro-resolving microglia phenotype [35]
Increases protein levels related to survival pathway, 
PI3K/AKT [38]
Decreases inflammatory and apoptotic pathway expres-
sion including mTOR and caspase 3 [38]

Prostaglandins (D2, E2) AA Pro-inflammatory Disruption of blood–brain-barrier [39]
Promotes microglial pro-inflammatory phenotype [40]
Increases neuropathic pain by modulating neuronal 
and microglia activity [41]
Potential role in neurodegenerative diseases by exacer-
bating neuroinflammation [42]

Thromboxanes AA Pro-inflammatory Increases platelet aggregation [43]
Impairs integrity and function of blood–brain-barrier 
[44]

Leukotrienes (B4, C4) AA Pro-inflammatory Promote leukocyte recruitment to the brain [45]
Increases vascular permeability in the brain [46]
Increases pro-inflammatory microglial phenotype [43]
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with synaptotoxic, soluble oligomers of amyloid-β engulf 
synapses even before plaques form yet blocking this pro-
cess by inhibition of complement receptor CR3 rescues 
synaptic loss [69]. This hyperactivity may create a cycle 
of neuroinflammation, whereby the amyloid-β-mediated 
dysregulation of neuronal cellular metabolism causes an 
exacerbated inflammatory response in the microglia that 
is not only detrimental to surrounding cells but may also 
mask energy deficits of dysfunctional neurons and astro-
cytes. Stroke-affected brain regions with limited oxygen 
supply and rampant neuronal and astrocytic death have 
more Iba1-positive microglia concomitant with normal 
levels of glucose consumption [70]. However, as Backes 
et al. have shown [70], these metabolic levels then reduce 

to pathological concentrations when microglia disappear, 
showing the ability of microglia’s energy requirements to 
both increase during inflammatory insult and mask defi-
cits from dying neurons and astrocytes.

Mitochondrial irregularities underpin many neurode-
generative diseases and contribute to cell death, includ-
ing in AD [71]. The CNS has an incredibly high metabolic 
requirement, accounting for 20% of the total body’s 
metabolic expenditure, even at rest [72]. Adequate ATP 
production via oxidative phosphorylation by mitochon-
dria is crucial to supply these energy needs and maintain 
proper CNS functioning. Interestingly, mitochondrial 
dysfunction and recycling of those mitochondria that 
are damaged show a stage-dependent pattern in humans 

Fig. 1 Current understanding of how specialised pro-resolving mediators (SPMs) enhance sirtuin levels and subsequent mitochondrial activity 
in cells. In the brain, SPMs activate their respective receptors and upregulate adenosine monophosphate-activated protein kinase (AMPK) 
activity. AMPK upregulation stimulates the activity of the peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) via its 
phosphorylation and deacetylation. Currently, resolvin D4 (RvD4) is shown to increase sirtuin (SIRT)−3 activity and subsequent mitochondrial 
respiration, although its receptor and pathway is unknown. Simultaneously, AMPK upregulation increases activity of nicotinamide adenine 
dinucleotide (NAD) and NADH, which stimulates SIRT1, and inhibits the inflammatory pathways including phosphatidylinositol 3-kinase 
(PIK3), protein kinase B (Akt), and mammalian target of rapamycin (mTOR). Together, these lead to an increase in oxidative phosphorylation 
and mitochondrial biogenesis, and reduction in reactive oxygen species (ROS) release and activity of the inflammatory pathway. Rv: Resolvin; FPR2: 
N-formyl peptide receptor 2; ChemR23: chemerin receptor 23; ALX/FPR2: lipoxin receptor/N-formyl peptide receptor; MaR: maresin; RORα/LGR6: 
retinoic acid-related orphan receptor α/leucine-rich repeat domain-containing G protein-coupled receptor 6; PIK3: phosphoinositide 3-kinase; Akt: 
protein kinase B; mTOR: mammalian target of rapamycin. Figure created with BioRender.com; Toronto, Canada. Adapted from [53, 56–67]
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[71]. In early sporadic AD (Braak stage II-III), human 
hippocampi show increased protein levels of the mito-
chondrial marker, PTEN-induced kinase 1 compared to 
age-matched controls. In later stages (Braak stage VI), 
an increase in Parkin RBR E3 ubiquitin protein ligase is 
seen [73]. These two enzymes are responsible for the tag-
ging of damaged mitochondria to be recycled, suggesting 
that mitochondrial abnormalities begin early in disease 
and are stage-dependent [71]. Similar findings of stage-
dependent mitochondrial dysfunction are seen in  vivo. 
An 84-month longitudinal study of humans showing 
MCI demonstrated a steady decline in glucose metabo-
lism across time in disease-associated brain regions [18]. 
Another study found that young carriers of the high-risk 
gene for AD, APOE4, demonstrate abnormally low rates 
of glucose metabolism in the brain in their 20 s—decades 
before dementia onset—a trend that is amplified across 
the development of MCI [18, 19]. This glucose hypome-
tabolism corresponds to impaired synaptic functioning 
across temporoparietal and frontal brain regions and is 
associated with symptom severity in patients [17, 20, 74]. 
The effect is attributed to impaired mitochondrial energy 
metabolism [75]. Likewise, damaged neurons isolated 
from the posterior cingulate cortex of individuals with 
AD show decreased expression of nuclear genes encoding 
mitochondrial electronic transport chain (ETC) subunits 
compared to neurons isolated from the relatively spared 
primary visual cortex [76], reflecting a central pathologi-
cal hallmark of dysfunctional mitochondrial respiration 
across AD progression. This finding not only exemplifies 
the strong link between metabolic respiratory dysfunc-
tion and AD pathogenesis, but also provides insights into 
possibilities for mitochondria metabolism-related pro-
teins as blood biomarkers for AD.

Microglia bioenergetics associated with pro-inflammatory 
and pro-resolving phenotypes in Alzheimer’s disease
Metabolism of n-3 PUFAs sustains microglial needs dur-
ing various states of brain health and development and 
there can be significant consequences if not bioavailable 
[77]. In response to injuries of the CNS, the ATP require-
ment of microglia increases to allow the cells to undergo 
translocation, morphogenesis, and phagocytosis of cellu-
lar debris and damaged cells at an injury site [78]. This 
microglial pro-inflammatory response is accompanied 
by a switch to glycolytic metabolic pathways to meet 
the high-energy demands [79]. Glycolysis, despite being 
a less efficient mode of energy production (producing 
15 times less ATP than oxidative phosphorylation) is 
the dominant metabolic pathway in pro-inflammatory 
immune cells [80]. Pro-inflammatory microglia use gly-
colysis for rapid surveillance and debris clearance, whilst 
pro-resolving phenotypes benefit from the sustained 

energy synthesis achieved by the oxidative phospho-
rylation pathway [81]. Stimulation of microglia triggers 
metabolic reprogramming towards increased anaero-
bic glycolysis and the pentose pathway oxidative branch 
while retaining mitochondrial activity [82]. For example, 
inhibiting the enzyme that regulates glucose metabo-
lism—pyruvate dehydrogenase kinase 1—causes micro-
glia to predominantly manifest an anti-inflammatory 
response [83]. Little is currently known about whether 
long-term changes in microglia bioenergetics can sub-
stantially reduce risk of developing AD. While research 
on microglial bioenergetics is expanding, the respiratory 
alterations underlying neurotoxic or protective microglia 
phenotypes are limited, especially in the context of spo-
radic AD. Current research assessing the effects of n-3 
and their SPMs on glycolytic flux use cultured microglia 
or macrophages [53, 54, 57] and therefore lack contextual 
assessment of the neuroglial viability, hyper-sensitivity 
and dysfunctional changes that occur within an AD brain 
and contribute to microglial changes. Elucidating the link 
between inflammation and microglia energy metabolism 
in neurodegenerative conditions provides future oppor-
tunities to modulate microglia activity in response to 
chronic insults via their metabolism, which may improve 
neurocognitive outcomes in AD.

In microglia, pro-resolving phenotypes use oxida-
tive phosphorylation as their main energy source [79], 
for which healthy mitochondria are essential. Follow-
ing acute exposure to oligomeric and fibrillar amyloid-β, 
microglia can shift from oxidative phosphorylation to 
glycolysis through the mammalian target of rapamy-
cin (mTor) pathway [84]. However, chronic inflamma-
tory exposure reverses this effect, downregulating both 
glycolysis and oxidative phosphorylation and impairing 
microglial activity in response to subsequent inflamma-
tion [84]. This critical link between chronic inflammation 
in AD and mitochondrial respiration is exemplified in 
microglia of AD patients with TREM-2 at-risk alleles and 
Trem-2 knockout mice that exhibit dysfunctional glycoly-
sis, reduced mTor signalling, and higher autophagy [85]. 
Trem-2 is a key modulator of mitochondrial respiration, 
yet its deficiency in AD patients and 5xFAD mouse mod-
els of AD enhances autophagy, impairs activation of the 
mTor pathway, and decreases glycolytic metabolites and 
tricarboxylic acid (TCA) cycle intermediates [85–87]. 
This has deleterious effects on AD progression, as micro-
glia with reduced metabolic fitness and increased death 
cannot surround amyloid-β plaques as efficiently [88], 
impairing their ability to form a physical barrier to protect 
neurons. In mouse models of AD, areas of fluorescently 
labelled soluble amyloid-β40 and amyloid-β42 plaque hot-
spots with less microglia coverage have greater neuronal 
dystrophy [89]. Thus, reduced amyloid-β clearance by 
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microglia in AD exacerbates neuronal dystrophy, illus-
trating the deleterious effects of impaired microglial res-
piration on global cerebral health. Surprisingly, Baik et al. 
[84] have shown that exposure to the cytokine, interferon 
gamma (IFN‐γ) restores glycolysis and activation of mTor 
in microglia, thereby rejuvenating cytokine secretion 
and phagocytosis in response to amyloid-β and improv-
ing disease symptoms in the 5XFAD mouse model of AD 
[84]. Thus, the importance of glycolysis cannot be under-
stated, with its inhibition resulting in impaired microglial 
phagocytosis, ROS production and cytokine secretion at 
a time when a pro-inflammatory state is not only benefi-
cial, but crucial to controlling disease progression [90]. 
Nonetheless, the pro-resolving phase in microglia relies 
on a timely switch towards oxidative phosphorylation 
[80], making SPM bioavailability integral to maintaining 
long-term brain health.

Genetic alterations linking mitochondrial dysfunction 
and the microglia response in Alzheimer’s disease
Links between microglial respiratory function and the 
inflammatory response in AD are partially illuminated 
by gene set enrichment analyses, demonstrating how 
chronic changes to inflammatory pathways and mito-
chondrial ill-health go hand in hand. When examining 
altered pathways in AD, microglia-mediated immune 
responses and signalling of several metabolism-related 
enzymes are amongst the most affected [91]. These 
include phosphoinositide 3-kinases (Pi3k), protein kinase 
B (Akt), mTor, and mitogen-activated protein kinases 
(MapK) [91]. During respiration, upregulation of PI3K 
and Akt leads to activation of mTor, modulating cell activ-
ities including cell survival, growth, and cycle progres-
sion, thereby preventing apoptosis [92]. If mTor activation 
becomes dysfunctional, this results in greater cell death, 
creating a perpetual inflammatory state via the activity or 
death of microglia. However, many of the genes involved 
in the oxidative phosphorylation, glycolytic, and TCA 
cycle pathways are downregulated in AD [93]. For exam-
ple, peroxisome proliferator-activated receptor-gamma 
coactivator-1-alpha, known as Pgc-1α, promotes mito-
chondrial biogenesis and induces more oxidative and 
less glycolytic metabolism [94]. Moreover, we previously 
reported that Pgc-1α mRNA-expression increases in the 
brain of aged compared to young rats but decreases dur-
ing systemic inflammation [95]. Genome-wide microar-
ray analyses show reduced levels of PGC-1α mRNA in 
the hippocampi of human post-mortem AD brains com-
pared to healthy controls, and that PGC-1α protein lev-
els are negatively associated with neurotic plaques and 
amyloid-β1–42 content [96]. Similarly, microglia isolated 
from APP/PS1 mice brains show an accumulation of 
damaged mitochondria and defective mitophagy, leading 

to impaired phagocytosis of amyloid-β [97]. Furthermore, 
the same paper found that supplementing APP/PS1 mice 
with urolithin A, a compound that induces mitophagy, 
enhanced the phagocytic efficiency of microglia and 
mitigated NLRP3/caspase-1-dependent neuroinflam-
mation [97]. Taken together, these findings support the 
novel hypothesis that early and long-term maintenance 
of mitochondrial function can sustain the microglial 
phagocytic response to promote tissue homeostasis and 
deter chronic low-grade inflammation due to amyloid-β 
plaques and neuronal debris.

The failure of inflammatory resolution in AD may 
therefore be largely underpinned by dysregulated micro-
glial oxidative phosphorylation, preventing the microglia 
from adopting a pro-resolving phenotype. Bioinformatics 
and gene set enrichment analyses consistently identify 
down-regulation of markers associated with mitochon-
drial oxidative phosphorylation as a hallmark of AD [98, 
99]. One such newly discovered mutation that increases 
the risk of AD, SHMOOSE, is a mitochondria-encoded 
gene associated [100]. Assessing CSF samples from 79 
individuals without dementia, SHMOOSE levels were 
positively associated with atrophy in medial temporal 
brain regions, as well as CSF total tau and p-tau 181. 
This finding was supported by RNA expression in the 
temporal cortex of 82 post-mortem AD brains, showing 
15% greater expression of SHMOOSE RNA than healthy 
controls. Similar studies of proteomics performed on 
the cortices of AD patients identified that proteins in 
the oxidative phosphorylation pathway are amongst 
the most under-expressed in AD [101]. Additionally, 
nuclear-encoded, but not mitochondria-encoded, genes 
for oxidative phosphorylation are downregulated in 
the hippocampi of AD patients yet, curiously, the same 
genes are upregulated in patients with MCI [102]. This 
increase in patients with MCI could be representative of 
an early reparative attempt. Compared to post-mortem 
brains of those with late AD, those with early AD show 
downregulated expression of genes involved in complex 
I of the oxidative phosphorylation pathway, while com-
plexes III and IV are upregulated [7]. These AD-induced 
changes in enzymatic activity in the TCA cycle follow a 
distinct pattern that is linked to clinical state, with the 
dehydrogenases/decarboxylases (including pyruvate 
dehydrogenase complex, isocitrate dehydrogenases, and 
the alpha-ketoglutarate dehydrogenase complex) being 
reduced while dehydrogenases (including succinate 
dehydrogenase and malate dehydrogenase) are increased 
[103] (See Table 2 for more related genes). There is also 
evidence of AD-related changes in other key molecular 
players involved in the energy-synthesis pathway. This 
includes lower levels of free guanosine triphosphate [104] 
as well as reduced microglial expression of the adenosine 
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diphosphate receptor, P2y12 [105, 106]. Concomi-
tantly, there is an early increase in cortical adenosine 1 
 (A1) and  A2A receptors [107] but decrease in adenosine 
levels [108], suggesting a robust and stage-dependent 
dysfunction in energy charge. Ultimately, the mitochon-
driomes in AD brains are distinct from those in normal 
aging, suggesting that the progression of AD may be at 
least partially driven by dysregulation in mitochondrial 
complexes associated with aerobic respiration (e.g. ETC 

complexes and ATP-synthase) [109] (See Fig. 2 for sum-
mary). This brings us to two under-explored but exciting 
potentials: 1) that upregulating and sustaining oxidative 
phosphorylation via SPM production and secretion may 
dampen the neurotoxic effects of amyloid-β42 plaque 
formation and cellular death, and 2) the potential iden-
tification of blood biomarkers of proteins resultant from 
mitochondrial oxidative abnormalities using metabo-
lomic approaches in peripheral cells in AD. However, 

Table 2 Common genetic alterations in Alzheimer’s disease that are linked to mitochondrial dysfunction

Direction of fold change compared to healthy  controlsa. While these genes are commonly identified as dysregulated in Alzheimer’s disease, they do not cover all 
alterations identified across the literature. FAO fatty acid oxidation, CP cell proliferation, OXPHOS oxidative phosphorylation

Metabolic pathway Gene name Gene symbol Direction of changea References

Preclinical Clinical

FAO NAD-dependent deacety-
lase sirtuin-1

SIRT1 Downregulated APPswe/PS1dE9 mice,
Lopes et al. [110]
APP/PS1 mice,
Li et al. [111]

Hadar et al. [112]
Julien et al. [113]

FAO/CP NAD-dependent deacety-
lase sirtuin-2

SIRT2 Upregulated SH-SY5Y cells,
Silva et al. [114]
APP/PS1 mice,
Bai et al. [115]

Minjarez et al. [101]
Wongchitrat et al. [116]

FAO Peroxisome proliferator–acti-
vated receptor γ coactivator 
1α

PGC-1α Downregulated Tg2576 neurons,
Qin et al. [96]
APP/PS1 mice,
Shi et al. [117]
2xTg-AD mice,
Wang et al. [118]

Qin et al. [96]
Katsouri et al. [119]

OXPHOS NADH dehydrogenases 
subunits 4 and 8

NDUFS4, NDUFS8 Downregulated TgCRND8 mice,
Francis et al. [120]
Ndufs4−/− mice
Gao et al. [121]

Brooks et al. [93]
Mastroeni et al. [102]
Adav et al. [109]
Lunnon et al. [122]

OXPHOS Ubiquinol-cytochrome c
reductase core protein II

UQCRC2 Downregulated 3xTg AD mice,
Xie et al. [123]
TgF344-AD rats,
Rudisch et al.[124]

Brooks et al. [93]
Mastroeni et al. [102]
Adav et al. [109]
Lunnon et al. [122]

OXPHOS Cytochrome c
oxidase subunit IV isoform 
1 and subunit VIa polypep-
tide 1

COX4I1, COX6A1 Downregulated HO_TASTPM mice,
Bi et al. [125]
Tg2576 mice,
Morello et al. [126]

Brooks et al. [93]
Mastroeni et al. [102]
Lunnon et al. [122]

OXPHOS ATP synthase, F1 subunit 
beta

ATP5B Downregulated Presenilin 1 familial Alzhei-
mer’s disease iPSC-derived 
neural stem cells,
Martín-Maestro et al. [127]
N2a neuroblastoma cells 
expressing the ApoE4 allele,
Orr et al. [128]

Brooks et al. [93]
Mastroeni et al. [102]
Adav et al. [109]
Lunnon et al. [122]

Glycolysis Glucose-6-phosphate 
isomerase

GPI/G6P Downregulated APP/PS1 mice,
González-Domínguez et al. 
[129]

Saito et al. [130]
Brooks et al. [93]
Qiu et al. [131]

Glycolysis Lactate dehydrogenase A LDHA Downregulated APP/PS1 mice,
Zhang et al. [132]
Tg2576 mice,
Morello et al. [126]

Niccoli et al. [133]
Brooks et al. [93]
Qiu et al. [131]

TCA Malate dehydrogenase 1 MDH1 Downregulated Amyloid-β injected Wistar 
rats,
Shaerzadeh et al. [134]
APP/PS1 mice,
Correas et al. [135]

Jia et al. [209]
Brooks et al. [93]
Qiu et al. [131]
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chronic pro-inflammatory microglia are but one part in 
a cascade of inflammaging, of which may result from a 
multitude of aging-related changes across the lifespan. 
Further research is needed to understand whether a) 
pushing microglia bioenergetics towards greater oxida-
tive phosphorylation via SPM bioavailability across the 
lifespan reduces the occurrence of the phenotypic aging-
related pro-inflammatory microglia in later life, and b) 
subsequently reduces risk of AD.

How n-3-derived specialised pro-resolving mediators may 
rescue mitochondrial respiration via Sirtuin 1
In the search to examine how cellular respiration changes 
across AD pathogenesis, recent studies have identified 
a reduction in an important deacetylase responsible for 
mitochondrial biogenesis. SIRT1 is a NAD-dependent 
deacetylase that also functions as an energy sensor [137]. 

SIRT1 regulates lipid metabolism in the liver during 
energy deprivation via deacetylation of peroxisome pro-
liferator-activated receptor-alpha (PPAR-α), supporting 
fatty acid β-oxidation and hence maintaining mitochon-
drial respiration [137]. Analysis of post-mortem tempo-
roparietal regions of AD brains show significantly lower 
SIRT1 concentrations than cognitively healthy indi-
viduals [138]. This supports earlier research that found 
significantly reduced SIRT1 mRNA and SIRT1 protein 
levels in the parietal cortex of AD patients that correlated 
with amyloid-β and tau pathogenesis [139]. In turn, sev-
eral recent studies have identified Sirt1 signalling as the 
mechanism that improves cognitive deficits and reduces 
amyloid-β burden in transgenic mouse models of AD 
[140, 141]. Collectively, this suggests that Sirt1’s influence 
over cellular respiration may be a key player driving AD 
progression.

Fig. 2 Microglial mitochondrial respiration in Alzheimer’s disease (AD). In the healthy brain, sufficient n-3 derived specialised pro-resolving 
mediators (SPMs) support fatty acid oxidation and oxidative phosphorylation to produce enough adenosine triphosphate (ATP) to meet metabolic 
demands and prevent excessive production of reactive oxygen species (ROS). This helps drive microglia towards a pro-resolving or homeostatic 
phenotype. In the AD brain, inadequate SPM action leads to a pro-inflammatory phenotype with reduced ATP production, increased cytokine 
synthesis and increased ROS production. The impairment in microglia viability and mitochondrial function reduces their ability to respond to stimuli 
such as amyloid-β (Aβ) and creates an excessively pro-inflammatory environment. TLR: toll-like receptor; TCA: tricarboxylic acid; NAD: nicotinamide 
adenine dinucleotide; TNF: tumor necrosis factor; IL: interleukin; α-KG: α-ketoglutarate; AMPK: AMP-activated protein kinase; GTP: guanosine 
triphosphate. Figure created with BioRender.com; Toronto, Canada. Adapted from [75, 136]
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A reduction in Sirt1 has severe knock-on effects for 
the metabolism of n-3 PUFAs and biosynthesis of SPMs. 
Quantitative proteomics identifies that the key molecules 
altered by Sirt1 depletion fall into functional categories 
including secreted factors (e.g. adiponectin, IL-1 recep-
tor antagonist), and enzymes linked to lipid metabolism 
[142]. Specifically, fatty acid synthase (FAS) is among 
the enzymes altered by Sirt1 depletion, and this plays a 
crucial role in the desaturase/elongase pathway to form 
PUFAs [143]. Knockdown of Sirt1 reduces the n-3 PUFA 
metabolite, DHA’s, ability to deacetylate nuclear factor 
kappa B (NF-κB) in macrophages, worsening inflamma-
tion by increasing expression of tumor necrosis factor, 
IL-1β and IL-4 [144]. This is supported by a similar study 
that found that not only does DHA mimic the effects 
of Sirt1 on deacetylation of the NF-κB subunit p65, but 
DHA’s deacetylation and inhibition of downstream 
cytokine expression requires Sirt1 [54]. Thus, Sirt1 is a 
key mediator of the β-oxidation of fatty acids, resulting 
mitochondrial function, and suppression of cytokine 
transcription factors [54]. Interestingly, SIRT1 and SIRT3 
have been detected in human serum, and while healthy 
aging individuals show reduced serum SIRT1 levels com-
pared to young healthy individuals, this decrease is sig-
nificantly worsened in AD patients [145]. This provides 
an exciting opportunity to develop SIRT1 as a predictive 
blood-based biomarker for the early stages of AD with 
known reference ranges that are distinct to healthy aging. 
Understanding of the role of SIRT1 in AD has also led 
to recent investigations into the effects of oral admin-
istration of the selective serotonin re-uptake inhibitor, 
alaproclate (A03), in mouse models of AD. In  vivo A03 
treatment not only increased Sirt1 levels in hippocampi 
of 5xFAD mice, but also improved memory recall and 
showed no toxicity [146]. These studies show excellent 
potential for Sirt1-targetted therapeutics, including DHA 
with its stimulative effect on Sirt1 [147], for individuals 
with MCI to halt progression of AD-like pathology.

Specialised pro-resolving mediators and Sirtuin 1 
in mitochondrial respiration in microglia
Excitingly, n-3-derived SPMs increase mitochondrial 
respiration by increasing AMPK signalling and upreg-
ulating Sirt1 expression. While clinical data into the 
relationship between SPMs and SIRT1 expression is 
limited, microglia culture studies provide a glimpse into 
the mechanisms linking Sirt1, SPMs and the micro-
glial inflammatory response. During lipopolysaccharide 
(LPS)-induced inflammation, microglia pre-treated with 
EPA and DHA show upregulated Sirt1 mRNA levels and 
Sirt1 protein deacetylase activity, as well as increased 
mRNA levels of nicotinamide phosphoribosyltransferase 
(Nampt) and thus NAD + within microglia [57]. However, 

when α1AMPK is knocked down, the ability for DHA 
to enhance Sirt1 levels in macrophages is blunted [54], 
suggesting that the ability for SPMs to upregulate mito-
chondrial respiration via Sirt1 requires AMPK. RvD1, 
RvE1 and MaR1 also enhance mitochondrial respiration 
through an AMPK-dependent signalling mechanism 
in macrophages [53]. This was also seen following LPS-
induced inflammation where maresin conjugates in tissue 
regeneration 1 (MCTR1) rescues mitochondrial func-
tion by promoting activation of the receptors involved 
in mitochondrial biosynthesis, Pgc-1α and Sirt1 [55]. 
Exercise, another known stimulatory mechanism for pro-
resolving SPM biosynthesis and catabolism of inflam-
matory lipid mediators, also enhances mitochondrial 
respiration in macrophages via the same AMPK signal-
ling pathway that increases Sirt1 [53].

Taken together, these data highlight the protective 
role for SPM-induced Sirt1 signalling against inflamma-
tion and may be the same mechanism that can sustain 
a pro-resolving phenotype of microglia in the chronic 
low-grade systemic inflammation seen with aging –
inflammaging—that precedes AD pathogenesis. Thus, 
maintaining mitochondrial respiration through the 
AMPK/SIRT1 pathway could be necessary in maintain-
ing long-term microglial respiration and phagocytic abil-
ity and reducing the pro-inflammatory response, and 
may be achieved by long-term bioavailability of SPMs. 
Having said this, there is currently very limited research 
into the rescue effect of Sirt1 signalling on chronically 
pro-inflammatory microglial responses in the context of 
the AD brain, and many considerations are warranted. 
Most studies have predominantly utilised isolated and 
cultured macrophage cell lines, wherein standardised 
laboratory procedures measuring mitochondrial activ-
ity at 37 degrees Celsius do not account for patho-phys-
iological changes in body temperature. A recent in vitro 
study comparing mitochondria respiration in peripheral 
blood mononuclear cells (PBMCs) from healthy and 
depressed patients demonstrate that respiration differ-
ences disappear when accounting for higher body tem-
perature of depressed individuals [148]. Similarly, while 
data from animal models of AD have shown that DHAs 
improve mitochondrial respiration [149], these studies 
have not been cell-specific and often do not assess the 
different roles of each SPM. It is important to consider 
that SPMs are generated at much smaller quantities than 
classical pro-inflammatory oxylipins like leukotrienes 
or prostaglandins and often exhibit volatile properties 
(as reviewed in [150]). Therefore, valid detection and 
quantification of SPMs represent a challenging endeav-
our. Ultimately, the ability of SPMs to rescue microglial 
mitochondrial respiration via Sirt1 and any subsequent 
effects on amyloid-β clearance remain to be tested. In 
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this light, future research should assess SIRT1 changes in 
the human brain across healthy, MCI, and late AD stages, 
and whether long-term bioavailability of n-3-derived 
SPMs can mediate microglial respiration and phagocyto-
sis in response to stimuli in the inflammaging brain via 
SIRT1 activity.

Sex differences in mitochondrial bioenergetics and risk 
of Alzheimer’s disease
Human sex differences in mitochondria metabolism with 
aging are notable and may partially account for women 
at 65-years-old having a 12% lifetime risk of AD com-
pared to 6.3% for men [151]. Machine-learning analysis 
of brain positron emission tomography (PET) images 
from healthy men and women aged 20 to 82 years old 
found that aged female brains have a younger metabolic 
brain age than aged male brains, based on regional glu-
cose levels, oxygen consumption, and cerebral blood flow 
[152]. Interestingly, the cerebral glucose levels in females 
accounted largely for these observed differences [152]. 
Similar findings of sex-based mitochondrial differences 
are observed in healthy adult women, where peripheral 
mononuclear blood cells show higher mitochondria com-
plexes I, I + II, and IV, uncoupled respiration, ETC capac-
ity, and ATP levels compared to men [153]. Similarly, 
in  vivo markers of oxidative stress are higher in young, 
healthy men compared to premenopausal women when 
controlling for age, blood pressure, plasma cholesterol 
and glucose [154]. Estrogen is theorised to play a neu-
roprotective effect in this, largely due to its capacity to 
increase mitochondrial biogenesis and respiration in 
neurons and glia as well to reduce lipid peroxides [155]. 
Estrogen is known to increase expression of Pgc-1a, the 
transcription factor controlling energy, metabolic, mito-
chondrial function and biogenesis as previously dis-
cussed [156, 157]. To investigate the role of estrogen, a 
recent human neuroimaging study found post-menopau-
sal women to have glucose hypometabolism in parieto-
temporal regions implicated in AD pathology, suggesting 
that reduced estrogen may play a role in cerebral meta-
bolic dysregulation. However, the same study found post-
menopausal women to have increased cerebral blood 
flow and ATP production relative to pre-menopausal 
women, with the ATP production positively correlating 
with cognitive performance [158]. This suggests a poten-
tial compensatory attempt, creating a new baseline in the 
post-menopausal female brain that largely mediates the 
onset of disease risk.

Animal models of AD have also been used to investi-
gate the neuroprotective effects of estrogen on mito-
chondria and microglial function yet have so far failed to 
reach a consensus on its effect. In the 3xTg mouse model 
of AD, ovariectomy reduces mitochondrial respiration 

and increases amyloid-β levels in mitochondria and 
these amyloid-β levels are reduced again with estrogen 
treatment [159, 160]. This effect may be mediated by 
estrogen’s antioxidant activity, as estradiol replacement 
reduces hyperphosphorylation of tau in ovariectomised 
female hTau mice treated with amyloid-β42 compared to 
ovariectomised and sham females without estradiol [161]. 
Similar studies using microglia isolated from APP/PS1 
mouse models show female microglia shift to glycolysis in 
the presence of amyloid-β plaques while male microglia 
do not [162]. Nonetheless, when the same researchers 
assessed post-mortem AD brains from human women, 
the microglia were more complex yet associated with 
increased plaque area while microglia from men with AD 
were more amoeboid and showed reduced plaque load 
[162]. Thus, while sex differences in cerebral metabo-
lism are observed, their effect on the microglial response 
to amyloid-β and p-tau in AD remains unclear. Taken 
together, it can be predicted that a reduction in estrogen 
following menopause would negate any pre-menopausal 
metabolic protective effects. However, further investiga-
tion is needed into metabolic changes in the female brain 
post-menopause to better understand estrogen’s regula-
tion of neuronal and glial metabolism, how these medi-
ate neurodegenerative vulnerability in later life, and how 
metabolism-related preventative measures for AD can be 
tailored for peri-menopausal women.

With mitochondrial deoxyribonucleic acid (DNA) 
widely accepted to be inherited from mothers [163], there 
is even growing evidence of an inherited maternal link to 
AD. Cognitively normal, middle-aged children with AD-
affected mothers, but not fathers, show lower cerebral 
glucose utilisation using fluorodeoxyglucose PET [164]. 
Subsequent studies of children from AD-affected moth-
ers show greater degrees of cortical atrophy at a faster 
rate, greater amyloid-β plaque deposition, and greater 
levels of oxidative stress markers in CSF than those with 
paternal or no family history of AD [165–167]. These 
findings suggest that a) the mitochondrial genome and its 
function play a significant role in AD and that b) there 
is at least some maternally inherited component towards 
brain bioenergetic failure. However, the extent of the 
maternal inheritance, the mitochondrial genes involved 
in this component, and the epigenetic role of long-term 
maternal n-3 consumption on this component are yet to 
be determined.

Clinical studies, implications and treatment approaches
Despite the importance of these mitochondrial respira-
tory pathways and the promise of SPM-mediated neuro-
protection in pre-clinical studies, it is still not clear if n-3 
supplementation can be beneficial in the clinic or whether 
any effects are attributed to SPMs and mitochondria 
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function. One cross-sectional study assessing 320 cog-
nitively unimpaired participants at increased risk of AD 
dementia measured the relationship between blood lev-
els of n-3 alpha-linolenic acid (ALA) and DHA to brain 
glucose uptake [168]. Those with increased genetic risk 
(APOE ε4 load) exhibited a direct relationship between 
blood ALA and glucose uptake in vulnerable brain 
regions [168]. For DHA, direct associations were limited 
to those in the preclinical stage of AD pathology (positive 
amyloid-β and tau pathology) [168]. Most clinical stud-
ies to date have focused on cognitive function following 
n-3 consumption in MCI or AD patients, well after the 
chronic inflammatory cascade has begun [169]. At these 
stages, n-3 consumption will not halt cognitive decline 
but may slow it down. Indeed, an early clinical trial inves-
tigating n-3 PUFA effects on AD patients found no signif-
icant improvements in cognitive performance following 
6-month supplementation with n-3 compared to control 
AD patients [169]. Nevertheless, the same study found 
n-3 supplementation halted cognitive decline across 6 
months in those with very mild cognitive dysfunction. A 
more recent large clinical study using 211,094 individuals 
aged over 60 from the UK Biobank cohorts also found no 
significant association between fish oil supplementation 
and AD development [170]. Crucially, here, participants 
were simply classified as users or non-users at baseline 
testing, with no information on the formulation, dose, or 
duration of intake. Studies focusing on dietary n-3 as a 
risk-reduction rather than treatment of AD show greater 
promise. A 2023 analysis of 1,135 healthy participants 
prior to a dementia diagnosis (mean age = 73 years) from 
the Alzheimer’s Disease Neuroimaging Initiative (ADNI) 
cohort assessed associations between long-term n-3 
supplementation and AD incidence during a 6-year fol-
low up. Long-term users demonstrated a staggering 64% 
reduction in risk of AD. These data were supported by a 
large meta-analysis on the relationship of n-3 and blood-
based biomarkers to dementia risk, suggesting n-3 intake 
reduces total dementia risk by 20% [171]. Most recently, 
the DO-HEALTH trial (n = 777) demonstrated that 1 g/
day of n-3 can slow biological aging by 2.9 to 3.8 months 
across 3 years, showing its potential for reducing risk of 
aging-related neurodegenerative disorders [172]. Thus, 
the relationship between n-3 consumption and risk of AD 
requires closer examination but is not without promise.

While clinical studies have assessed the effects of die-
tary n-3 on human cognition, almost none have distinctly 
provided SPMs as a treatment approach and assessed 
their therapeutic potential in reducing risk of AD. This 
includes pre- and post-treatment assessments with 
n-3-derived SPMs in MCI or AD patients, and whether 
these metabolites increase mitochondrial respiration 
in humans. While cognitive testing in clinical studies is 

sparse, preclinical mouse models using a cross-sectional 
design show promise for the neuroprotective effects of 
SPM treatment. In transgenic mouse models of AD, such 
as the Tg2576 model, LXA4 reduces amyloid-β levels 
and improves cognition [173]. Using the AppNL−G−F/NL−
G−F mouse model, intranasal injection of a mix of SPMs 
(RvE1, RvD1, RvD2, MaR1, and NPD1) rescued memory 
deficits when compared to non-treated transgenic mice 
[174]. In a similar study using intrahippocampal injec-
tions of amyloid-β42 in mice, intracerebroventricular 
administration of MaR1 reduced cognitive decline com-
pared to those only treated with amyloid-β42 [175]. It 
should be acknowledged preclinical studies are limited in 
translational value, as transgenic and injectable models 
of AD do not reflect the complexity of human AD patho-
genesis [176]. This makes it difficult to predict if greater 
life-long dietary inclusion of SPMs would translate to 
reduced AD onset in the real world. The clinical studies 
showing neuroprotection of SPMs on cognition appear 
promising, yet it is unclear whether these are due to their 
pro-resolving SPM metabolites influencing mitochon-
drial respiration and whether these are enough to ame-
liorate cognitive decline. To assess this, clinical studies 
using a longitudinal, repeated measures design in aging 
populations are needed.

Early diagnosis and disease progression using 
blood specialised pro-resolving mediators 
and mitochondrial-related genes
While limited in number, several recent clinical stud-
ies have shown that blood and CSF SPM levels are sig-
nificantly reduced and can predict cognitive performance 
in patients with MCI and AD. One study assessing indi-
viduals with AD (n = 15), MCI (n = 20) and subjective 
cognitive impairment (n = 21) found a significant posi-
tive correlation between mini-mental state examina-
tion (MMSE) scores and CSF levels of LXA4 and RvD1 
(Spearman’s Rho, r = 0.475, p < 0.0005 for LXA4 and 
r = 0.343, p < 0.05 for RvD1) [177]. This suggests a concen-
tration-dependent SPM-mediated protection of memory 
function. Another study analysing CSF samples from 136 
subjectively cognitively impaired (SCI), 43 MCI and 40 
AD humans found lower levels of pro-resolving media-
tors RvD4, RvD1, NPD1, MaR1 and RvE4 in AD and MCI 
compared to SCI [178]. Further, AD and MCI patients 
had greater levels of the pro-inflammatory mediators 
leukotriene  B4 and 15-hydroxyeicosatetraenoic acid (15-
HETE) than healthy controls. In the AD patients, several 
lipid precursors of SPMs positively predicted MMSE 
scores including DHA, 14-hydroxy DHA, EPA, and AA 
[178]. For SCI patients, similar findings were observed 
with RvD1, RvD4 and MMSE scores [178]. While limited 
in number, these studies show potential for blood SPMs 
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as early diagnostic biomarkers for MCI and AD, yet fur-
ther research is needed to assess the replicability of these 
findings and if this relationship exists in presymptomatic 
humans.

Besides SPMs, many studies have used the early hypo-
metabolic brain changes observed in AD to their advan-
tage when assessing blood biomarkers related to cellular 
respiration. Sang et  al. [179] have shown that glucose 
hypometabolism in the frontal, parietal, and temporal 
cortices of AD patients is associated with lower blood 
levels of thiamine diphosphate (TDP), a coenzyme of 
pyruvate dehydrogenase (PDHC) and α-ketoglutarate 
dehydrogenase (KGDHC) in the Krebs cycle and tran-
sketolase in the pentose phosphate pathway [179]. Genes 
related to oxidative phosphorylation are also differentially 
expressed in AD blood. Comparing blood from MCI 
(n = 168), AD (n = 164), and healthy individuals (n = 177), 
Lunnon and colleagues (2017) observed a concomitant 
decrease in expression of nuclear-encoded oxidative 
phosphorylation genes and increase in mitochondrial-
encoded oxidative phosphorylation genes in MCI and 
AD patients compared to healthy controls [122]. Further, 
the pattern was notably worse in AD than MCI [122], 
suggesting selective block in their genetic translation that 
is stage dependent. It should be noted that the robustness 
of mitochondrial-related blood biomarkers also extends 
to type 2 diabetes; a condition that significantly increases 
risk of AD [180]. In type 2 diabetic patients with progres-
sive MCI or AD, plasma levels of two neuroexosome-
derived mitochondrial proteins—NADH ubiquinone 
oxidoreductase core subunit S3 (NDUFS3) and succinate 
dehydrogenase complex subunit B (SDHB)—were lower 
than in cognitively normal patients [181]. Together, these 
studies show a promising relationship between the earli-
est symptomatic stages of AD and blood levels of mito-
chondrial gene and protein expression.

Methodological and clinical considerations
Despite these promising indications, we also note that 
considerations must made on the sensitivity of detecting 
and quantifying SPMs in biological tissue, and how this 
can limit its development as a clinical diagnostic tool. 
The most commonly accepted method of SPM quantifi-
cation is liquid chromatography with tandem mass spec-
trometry (LC–MS-MS) including in preclinical rodents 
models [53] and human serum and plasma [182]. With 
this method, differences in levels of human SPMs have 
been reported between sex [183], age [184], and disease 
state [185]. However, a comprehensive review by Cal-
der [185] reported on the number of studies and their 
detected concentration range of resolvins D and E series 
mediators in human plasma [185]. In most studies, the 
concentration was extremely low (< 50 pg/ml), close to 

the detection limit of several quantification methods 
[185]. Consistent with the low detection sensitivity, sev-
eral studies have failed to detect SPMs in human plasma 
[186, 187], making them difficult to use as non-invasive 
biomarkers of inflammation in the clinic. Hence, reliabil-
ity and sensitivity of SPM detection and quantification 
methods has been fundamentally questioned [188], and 
a consensus is yet to be determined before translation to 
the clinic can be considered.

Furthermore, we note that the consumption of n-3 
should be balanced with its potential for neurotoxicity 
in large doses. For example, we have shown that a high 
n-3 diet in pregnancy can be toxic to foetal metabolic 
development outcomes in rats (1.66% total n-3) [189]. In 
humans, dietary n-3 decreases blood clotting (640 mg n-3 
PUFAs for 4 weeks) [190] and blood pressure (3 g/day n-3 
for 8 weeks) [191], which may pose a health risk for those 
with low blood pressure or bleeding disorders. In rats, 
excessively high dosages have increased total cholesterol 
following chronic over-consumption [122] (equivalent 
of × 3 the maximum daily dosage of 3 g/day n-3 recom-
mended by the United States Food and Drug Administra-
tion in humans). Similar high-dosage n-3 (5 mL/kg/day 
of DHA) increased high-density lipoprotein (HDL) levels 
in rats after 13 weeks [180]. In humans, these lipid pro-
file abnormalities can be detrimental to those with type 
2 diabetes [192], and can lead to increased stroke risk 
[193], or low blood pressure [194]. For those with meta-
bolic or heart diseases that already comorbidly present 
with neurodegenerative disorders (e.g. AD or Parkinson’s 
disease [195]), this may inadvertently increase their risk 
of developing a neurodegenerative disorder [190].

Finally, promoting a balanced and life-long n-3 rich diet 
for greater SPM bioavailability requires the interest and 
involvement of multiple sectors and stakeholders. The 
current “Western diet” contains excessive n-6 PUFAs 
compared to n-3 leading to an unbalanced ratio with con-
sequences to brain health [23, 196]. A 2024 worldwide 
n-3 PUFA status map shows most Western countries to 
have low n-3 consumption including the United States, 
Canada, and Australia [197]. However, the National Insti-
tutes of Health (NIH) recommends daily intakes of 1.6 
g for men and 1.1 g for women (respectively, ~ 3 oz/85 g 
and ~ 1.9 oz/55 g of Atlantic, wild, cooked salmon). The 
recommendation for women increases to 1.4 g during 
pregnancy and 1.3 g during lactation to support fetal 
development [198]. Promoting greater n-3 consumption 
for its SPM bioavailability can include promoting con-
sumer awareness of a healthy n-3 rich diet, government 
campaigning, development of school programmes that 
encourage children to maintain healthy eating early in life 
and providing nutrition and dietary counselling at pri-
mary health-care facilities for the aging population [199].
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Conclusions
Our understanding of disease pathways in AD has accel-
erated tremendously in the last few decades, yet there 
is still no consensus on the underlying bioenergetic 
mechanisms linking lipid metabolism, chronic inflam-
matory microglia, and their phagocytic response in the 
aging brain. Advances in bioinformatics have enabled 
the discovery of crucial dysregulations in mitochondrial 
oxidative phosphorylation, neuronal apoptosis, and the 
microglia-mediated immune responses (e.g. mTOR and 
TREM2). As shown, research into early cerebral hypo-
metabolic changes in AD exists, yet much of this assesses 
global or neuron-specific alterations with little interest 
in microglia until now. Sex-based differences in estro-
gen may also mediate sexual dimorphism in the risk of 
AD and have differential neuroprotective effects on mito-
chondrial respiration and microglial function, yet the role 
of sex in the microglial response to amyloid-β remains 
unclear. Nonetheless, dietary n-3-derived SPMs have 
been shown to support microglial energy metabolism 
(e.g. upregulating PPAR) and clearance of amyloid-β by 
facilitating a lipid mediated transition from pro-inflam-
matory to pro-resolving SPMs [200]. Mechanistically, this 
appears linked to an upregulation of Sirt1 levels which 
downregulate the NF-κB inflammatory pathway signal-
ling, thus increasing mitochondrial respiration [201]. 
Given these findings, interest has shifted towards the role 
of an n-3 enriched diet as a mechanism to ameliorate the 
chronic inflammation associated with AD in the growing 
fields of lipidomics and neurodegenerative disease.

Currently, the most widely accepted plasma and CSF 
biomarkers of AD include the ratio of amyloid-β42/40 
[202], levels of p-tau181/217 and glial fibrillary acidic pro-
tein [203]. However, clinical use of these biomarkers is 
limited by their test to re-test variability, with p-tau217 
showing the least variability [203]. Since the onset of 
brain mitochondrial metabolic dysfunction may begin 
decades before clinical symptoms, diagnostic tests can 
instead be strengthened by combining numerous plasma 
markers including plasma lipids known to be altered 
in AD (diacylglycerols, prostaglandins and phospho-
lipids [204]) and mitochondria-related markers into a 
multi-marker panel. Translocator protein (TSPO)—a 
microglia-specific bioenergetic marker—plays a key role 
in phagocytosis, oxidative phosphorylation, ATP pro-
duction, and lipid biosynthesis during neuroinflamma-
tion [205]. It is upregulated in microglia that surround 
amyloid-β plaques in AD brains [206], and its knockout 
in microglia isolated from transgenic App knock-in mice 
is associated with elevated activity of the rate-limiting 
glucose metabolizing enzyme, hexokinase-2 (Hk2), and 
impaired amyloid-β phagocytosis [205]. A multifaceted 
biomarker panel could include targets that are not only 

indicative of microgliosis (Iba1, Cd16, Mhc-II [207]) 
but also indicative of microglial bioenergetics (Tspo, 
Hk2, lactate [205]). Together with previously discussed 
changes in microglial phenotype and bioenergetics across 
disease stages, predictions can also be made on stage-
specific biomarker changes. For example, in early neuro-
degenerative stages where microglia retain function and 
oxidative phosphorylation is the predominant respiratory 
pathway [102], we would predict blood samples will show 
elevated TSPO associated with more phagocytic micro-
glia. In later stages where microglia become dysfunc-
tional and less phagocytic [88, 93, 101], we would predict 
blood samples will show decreased TSPO and increased 
HK2, lactate, P2RY12, and MHC-II, reflecting a more 
hyperglycolytic, dysfunctional and pro-inflammatory 
state. The inclusion of mitochondria-related markers in a 
multifaceted biomarker panel becomes even more crucial 
when considering the extensive overlap of the lipidomes 
of patients with Parkinson’s and AD [208]. This would 
make mitochondrial-related markers a beneficial addi-
tion to a biomarker panel.

Developments in lipidomics provide new opportuni-
ties to assess the interactions between n-3-derived SPMs 
and AD, and how metabolic pathways mediate genetic 
risk and disease development. Further research is needed 
to assess the long-term benefits of n-3 derived SPMs in 
supporting Sirt1-mediated mitochondrial respiration 
in microglia and how this may impact their phagocytic 
response to amyloid-β in AD. Clinical studies assess-
ing n-3 consumption show promising neuroprotec-
tive effects, reducing risk of developing AD and slowing 
down cognitive decline in those diagnosed. Whether 
these effects are largely due to the bioavailability of pro-
resolving SPMs is still to be explored in humans. None-
theless, current data from cultured microglia provide 
insight into how long-term bioavailability of SPMs may 
potentially reduce the risk of AD and illustrate the need 
for more experimental data using AD animal models.
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