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Abstract 

Triggering receptor expressed on myeloid cells 2 (TREM2) is a single‑pass transmembrane immune receptor that is 
mainly expressed on microglia in the brain and macrophages in the periphery. Recent studies have identified TREM2 
as a risk factor for Alzheimer’s disease (AD). Increasing evidence has shown that TREM2 can affect lipid metabolism 
both in the central nervous system (CNS) and in the periphery. In the CNS, TREM2 affects the metabolism of choles‑
terol, myelin, and phospholipids and promotes the transition of microglia into a disease‑associated phenotype. In 
the periphery, TREM2 influences lipid metabolism by regulating the onset and progression of obesity and its com‑
plications, such as hypercholesterolemia, atherosclerosis, and nonalcoholic fatty liver disease. All these altered lipid 
metabolism processes could influence the pathogenesis of AD through several means, including affecting inflam‑
mation, insulin resistance, and AD pathologies. Herein, we will discuss a potential pathway that TREM2 mediates lipid 
metabolism to influence the pathogenesis of AD in both the CNS and periphery. Moreover, we discuss the possibility 
that TREM2 may be a key factor that links central and peripheral lipid metabolism under disease conditions, including 
AD. This link may be due to impacts on the integrity of the blood–brain barrier, and we introduce potential pathways 
by which TREM2 affects the blood–brain barrier. Moreover, we discuss the role of lipids in TREM2‑associated treat‑
ments for AD. We propose some potential therapies targeting TREM2 and discuss the prospect and limitations of 
these therapies.
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Background
With the general increase in the lifespan of the popu-
lation worldwide, Alzheimer’s disease (AD) is rapidly 
becoming a major disease burden and socioeconomic 
challenge [1]. AD is a progressive neurodegenerative 

disease characterized by latent memory and cognitive 
loss [2]. According to the World Alzheimer Report of 
2019, AD is the most common form of dementia in older 
adults, with about 50 million people worldwide diag-
nosed with AD or AD-related dementia. At present, AD 
pathogenesis is a research hotspot. Various factors have 
been shown to affect AD pathogenesis, ranging from 
neuroinflammation and brain pathologies to molecules, 
such as some kinds of proteins and RNA [3–6].

Recently, an increasing number of researchers have 
considered triggering receptor expressed on myeloid 
cells 2 (TREM2) to be a factor that influences AD 
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pathogenesis [7]. TREM2 is a single-pass transmembrane 
immune receptor that is mainly expressed on microglia 
in the brain [8, 9] and macrophages in the periphery [10]. 
The signaling pathways of TREM2 are complex. In gen-
eral, TREM2 binds to the adaptor proteins DNAX activa-
tion protein 10 (DAP10) and DAP12 through oppositely 
charged residues in their transmembrane domains [11]. 
As reviewed by Deczkowska et  al., DAP10 and DAP12 
are phosphorylated and mediate intracellular signal 
transduction mechanisms upon TREM2-ligand interac-
tion. DAP10 mediates signal transduction by activating 
phosphatidylinositol 3-kinase, while DAP12 promotes 
the activation of splenic tyrosine kinase [11]. TREM2 
binds to DAP10 or DAP12 and can form TREM2-
DAP12-DAP10 heterodimers, which can then mediate 
downstream signaling [12, 13]. Although the function 
of TREM2 is not completely understood, TREM2 has 
been found to regulate inflammatory signaling [14] and 
microglial metabolism [9] and could promote microglial 
phagocytosis [8, 15, 16], activation [8, 17], survival [8, 9] 
and proliferation [15]. Thus, it is important for normal 
immune function and cell viability in the brain. In addi-
tion, TREM2 is a confirmed genetic risk factor for AD 
[18], and most studies evaluating the association between 
TREM2 and AD focused on tau pathology and amyloid-β 
peptide (Aβ) pathology. Other than the widely stud-
ied effects of TREM2 function in the context of either 
Aβ [8, 19]  or tau pathologies [20], a recent study found 
that TREM2 acts at a critical intersection of Aβ and tau 
pathologies, affecting AD pathogenesis by limiting Aβ 
plaque-mediated tau pathologies [21].

In addition to these pathologic changes, lipids also 
influence the pathogenesis of AD. Interestingly, TREM2 
was found to have a vital role in both central and periph-
eral lipid metabolism. Recent researches have shown 
that TREM2 can bind to lipid-associated ligands, such 
as phospholipids [8], high-density lipoproteins, low-
density lipoproteins (LDL) [22], lipids contained in 
apoptotic neurons [23], and apolipoprotein E (ApoE), 
which is an important lipid transporter in the CNS [22, 
24, 25]. These associations indicate a certain relation-
ship between TREM2 and lipids. In the CNS, TREM2 
affects cholesterol and myelin metabolism in the brain 
[26, 27], binds to phospholipids, and affects the metabo-
lism of some types of phospholipids [28, 29]. In addition, 
TREM2 promotes the microglial transition to disease-
associated microglia (DAM) through several lipid-related 
pathways [30], which in turn enhances lipid metabolism 
in the CNS [31]. These alterations might affect AD by 
influencing cerebrovascular function, the brain immune 
response or AD pathologies. In the periphery, TREM2 is 
associated with the occurrence and progression of obe-
sity and its complications, such as hypercholesterolemia, 

atherosclerosis, and nonalcoholic fatty liver disease 
(NAFLD). These diseases are considered metabolic 
comorbidities of AD [32–35]. Notably, these diseases are 
characterized by a series of lipid metabolism disorders, 
and their development further disrupts the homeosta-
sis of peripheral lipid metabolism [36–41]. The disorder 
of peripheral lipid metabolism can induce peripheral 
inflammation and IR, which may lead to central inflam-
mation and IR and further promote the pathogenesis 
of AD. These findings suggest that the mechanisms by 
which TREM2 affects obesity and its complications 
might be potential mechanisms by which TREM2 affects 
peripheral lipid metabolism and AD pathogenesis.

In this review, we discuss the possibility that lipid 
metabolism is a novel pathway by which TREM2 affects 
AD pathogenesis both in the CNS and the periphery. We 
also discuss the possibility that TREM2 is a key factor 
that links central and peripheral lipid metabolism under 
disease conditions, including AD, likely by influencing 
the integrity of the blood–brain barrier (BBB). Moreover, 
we discuss the role of lipids in TREM2-associated treat-
ments for AD. We propose some potential therapies tar-
geting TREM2 and discuss the prospect and limitations 
of these therapies.

TREM2 regulates lipid metabolism in the CNS
For the past few years, studies on TREM2 have mainly 
focused on its role in the CNS. TREM2 has a highly char-
acteristic expression in the CNS. At the anatomical level, 
TREM2 is highly expressed in the corpus callosum and 
basal ganglia [42], while at the cellular level, TREM2 is 
selectively expressed in microglia [26]. TREM2 was iden-
tified as a lipid receptor and can regulate cholesterol and 
phospholipid metabolism in the CNS [26, 43]. In addi-
tion, TREM2 promotes the microglial transition to DAM, 
which interacts with lipid metabolism in the brain [31] 
and influences AD pathogenesis [44, 45]. Interestingly, 
emerging evidence has shown that TREM2 binds to 
ApoE [22, 46, 47], which is an important lipid transporter 
in the CNS. Human ApoE protein exists in three major 
isoforms, ApoE2, ApoE3, and ApoE4, which are encoded 
by the ε2, ε3, and ε4 alleles of the APOE gene, respec-
tively. All three isoforms can bind to TREM2. APOE ε4 
is the largest genetic risk factor for late-onset AD, while 
APOE ε2 is protective for AD [25, 46]. The mouse ApoE 
protein is most similar to that of human ApoE3, which 
is the most common form of ApoE protein [48]. ApoE 
mediates the endocytosis and efflux of lipids and cho-
lesterol [49, 50] and is indispensable in the transition to 
DAM [51]. Thus, it is possible that the effect of TREM2 
on these lipid metabolism-associated pathways is related 
to ApoE. Besides, in addition to discussing the TREM2-
affected lipid metabolism pathways in the CNS and their 
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relationship with ApoE, we also discuss the possibility 
that the disordered TREM2-affected lipid metabolism in 
the CNS contributes to the pathogenesis of AD.

TREM2 regulates brain cholesterol and myelin metabolism
Increasing evidence indicates that TREM2 function is 
associated with lipid metabolism in microglia [15]. How-
ever, previous researches mainly focused on lipids, which 
are potential ligands of TREM2, in the form of either cell 
surface-exposed signals or lipoprotein particles [19, 46, 
47, 52].

Recently, exciting research has established a crucial role 
of TREM2 signaling in controlling microglial cholesterol 
metabolism. In a cuprizone (CPZ)-treated model, which 
is used to simulate demyelination and the effect of demy-
elination-induced lipid overload, Nugent et  al. observed 
that microglia in Trem2-/- mice have a more than ten-
fold increase in cholesterol esters (CEs) and oxidized 
CEs compared with Trem2 + / + mice [26]. To elucidate 
the mechanisms of CE accumulation, these research-
ers inhibited the endoplasmic reticulum (ER) enzyme 
acetyl-CoA acetyltransferase 1 to reduce the synthesis 
of CEs from free cholesterol and upregulated the choles-
terol transporters ABCA1 and ABCG1. Both interven-
tions reduced the accumulation of CE in Trem2-/- mouse 
models, suggesting that Trem2 deficiency is associated 
with microglial cholesterol efflux defects or intracellular 
cholesterol to be stored as CE [26]. Lipidomic analysis 
of human induced pluripotent stem cell (iPSC)-derived 
microglia (iMG) further confirmed and extended the lipid 
regulatory role of TREM2. PLCG2 is an AD-linked gene 
encoding the intracellular enzyme PLCγ2 which cleaves 
the membrane phospholipid phosphatidylinositol-4,5-bi-
sphosphate (PIP2) to inositol-1,4,5-trisphosphate (IP3) 

and diacylglycerol (DAG) [53, 54]. By using lipidomic 
analysis of cell extracts, Andreone et  al. measured the 
levels of 100 lipids in TREM2 KO iMG and phospholi-
pase C γ2 (PLCG2) KO iMG after exposure to myelin 
[43]. These cells showed similar increases in several types 
of lipids, including CEs, free cholesterol, ceramides, sul-
fatides, phospholipids, triacylglycerols and DAGs, com-
pared to wild type (WT) cells exposed to myelin. Many of 
these lipids, including CE and free cholesterol, were veri-
fied in other independent TREM2 KO iMG clones and 
PLCG2 KO iMG clones generated by different strategies 
[43]. Considering that intracellular cholesterol is usually 
stored as CE [55] and that PLCγ2 signals downstream of 
the TREM2-DAP12 [43], TREM2 might regulate human 
microglial cholesterol transport in a PLCγ2-dependent 
manner (Fig. 1).

Brain cholesterol is produced locally because the BBB 
prevents cholesterol-rich lipoproteins from entering the 
CNS. Eighty percent of free cholesterol in the brain is 
present in the myelin sheath, which is formed by oligo-
dendrocytes to insulate axons. Thus, myelin is a vital and 
sensitive marker of cholesterol metabolism in the brain 
[56]. It has been shown that TREM2 participates in the 
microglial response to myelin damage and thus affects 
remyelination [27, 57] (Fig. 1). A recent study found that 
Trem2–/– microglia are unable to amplify transcripts 
related to activation, lipid catabolism and phagocytosis in 
response to myelin damage, leading to impaired myelin 
debris removal, fewer oligodendrocytes, axonal dystro-
phy, and persistent demyelination. These results, espe-
cially the altered clearance of myelin debris (a process 
required for proper remyelination [27]) and the decrease 
in oligodendrocytes, could in turn affect the remyelina-
tion process [15].

Fig. 1 TREM2 regulates microglial cholesterol metabolism and participates in the response to myelin damage. The activation of the TREM2‑DAP12 
signaling pathway may promote microglial cholesterol efflux and reduces intracellular cholesterol to be stored as CE, possibly by activating PLCγ2. 
The effluent cholesterol might be carried by APOE‑containing lipoproteins. Besides, TREM2 mediates the microglial response to myelin damage, 
leading to increased phagocytosis of myelin debris and thus may promote remyelination.
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Recently, several other studies have also demon-
strated a strong association between TREM2 and myelin 
metabolism. Piccio’s research showed that intraperito-
neal administration of a TREM2-activating monoclonal 
antibody increased the clearance of myelin fragments, 
promoting remyelination and the preservation of axonal 
integrity [58]. Moreover, a recent study identified 
TREM2 + microglia, a specific microglial subtype with 
upregulated expression of Trem2, after the development 
of axonal CNS lesions. This special subtype of microglia 
was found to be more effective in myelin phagocytosis 
and thus may promote remyelination as well [59]. Col-
lectively, these studies suggest a protective function of 
TREM2 in the microglial response to myelin damage. It 
could possibly influence microglial transcriptional pro-
grams to enhance lipid metabolism and myelin debris 
clearance, thereby promoting remyelination.

Interestingly, several studies suggested that APOE 
might be involved in this process. In mouse models of 
demyelination, the expression of Apoe was found to be 
upregulated in Trem2 + / + and Trem2 ± microglia com-
pared with Trem2-/- microglia [26]. This result suggests 
that Trem2 might regulate the expression of ApoE dur-
ing myelin damage. In addition, human studies have 
found that TREM2 regulates the uptake of ApoE and 
LDL [22] in microglia. Combined with the observation 
that Trem2-/- and Apoe-/- mice fed CPZ showed similar 
accumulation of CE in the brain, the defect of microglial 
cholesterol efflux upon TREM2 loss-of-function may be 
caused by reduced efflux of cholesterol onto ApoE-con-
taining lipoproteins [26], which may therefore inhibit 
intracellular Aβ degradation [60].

TREM2 signaling could be induced by binding 
to phospholipids, and TREM2 regulates phospholipid 
metabolism
Phospholipids are considered an important biomarker 
of AD [28]. Although the myelin sheath contains cer-
tain types of phospholipids, we will still discuss its rela-
tionship with TREM2 separately due to the diversity of 
phospholipids. The majority of studies consider phospho-
lipids to be ligands for TREM2. Previous studies found 
that TREM2 binds to damage-associated phospholipids, 
including phosphatidylserine (PS), and can act as a scav-
enger receptor for apoptotic cells that may occur during 
neuronal injury [23].

In the brains of mice with AD, large amounts of PS and 
phosphatidyl  ethanolamine (PE) are exposed to synap-
tosomes. This may induce TREM2-mediated intracel-
lular signaling [29], thus promoting microglial functions 
such as phagocytosis, proliferation, survival, and synaptic 
pruning [8, 15, 61], which is consistent with the findings 
in human TREM2 reporter cells phosphatidylinositol (PI) 

and phosphatidylcholine (PC) [8]. In addition, recent lipi-
domics found that major phospholipid classes, such as 
PS, PE, phosphatidylcholine (PC) and phosphatidylino-
sitol (PI), are significantly reduced in ApoE4 lipopro-
teins compared to ApoE3 lipoproteins [62]. It would be 
interesting to determine whether these changes account 
for the greater influence of Trem2 deficiency on the 
microglial uptake of ApoE4-Aβ complexes compared to 
ApoE3-Aβ [62].

In addition, recent studies have investigated the rela-
tionship between TREM2 and phospholipid metabolism. 
Lipidomics showed increased levels of phospholip-
ids such as PS, PE, PI and PC in TREM2 KO microglia 
after exposure to myelin [26, 43]. However, none of these 
studies illuminated the specific mechanisms by which 
TREM2 influences the metabolism of these phospho-
lipids. Other researches have mainly focused on the 
metabolism of PI and its derivatives, such as PIP2. A pro-
tein–protein interaction network analysis suggested that 
TREM2 interferes with the metabolism of PI by interact-
ing with downstream of kinase 3 (DOK3) [28], which is 
an adaptor protein that has a close physical interaction 
with TREM2 and DAP12 [28, 63]. Nevertheless, addi-
tional mechanistic and functional studies are needed to 
further validate and explore this pathway.

PLCγ2 is an intracellular enzyme that cleaves mem-
brane PIP2 to DAG and IP3 [43]. It signals downstream 
of TREM2-DAP12, which supports the finding that stim-
ulating the TREM2-DAP12 signaling pathway promotes 
the hydrolyzation of PIP2 into IP3 at the plasma mem-
brane [64]. Therefore, it is possible that when AD-risk 
mutations of TREM2 impair the activation of DAP12, 
the levels of PIP2 in the plasma membrane will increase 
as a result of the inhibition of PLCγ2 activities [64]. This 
will in turn suppress the protective function of TREM2 
against AD [65].

In addition, PIP2 has been confirmed to mediate ApoE-
associated AD pathogenesis [66]. Thus, it is essential 
for future studies to explore whether the influence of 
TREM2 on PIP2 metabolism is associated with or even 
dependent on ApoE.

TREM2 promotes the microglial transition to DAM
Disease-associated microglia (DAM) is a specific micro-
glial subtype observed in aging and neurodegenerative 
conditions. They have become a hot topic in recent years 
due to their intimate connection with AD. Previous stud-
ies have shown that DAMs have a unique signature that 
shows enhanced microglial phagocytosis and can restrict 
Aβ plaque growth [30, 67]. These findings suggest that 
DAM is a potential protective subtype of microglia in 
AD.
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By using Trem2-/- 5XFAD mice, Keren et al. identified 
two successive stages during the activation of DAM. The 
first stage is Trem2-independent and involves the activa-
tion of genes such as ApoE and tyrosine protein tyrosine 
kinase-binding protein (Tyrobp, which encodes DAP12). 
The second step is Trem2-dependent; this step is char-
acterized by the induction of phagocytic pathways and 
lipid metabolism (e.g., CD9, Lpl, and Cst7) [30]. Thus, 
it is possible that there is an association between Trem2 
and lipid metabolism during the activation of DAM. In 
addition, not only the Trem2-dependent DAM activa-
tion process but also DAM itself shows a close relation-
ship with Trem2 and lipids. Several studies have detected 
the upregulation of Trem2 [18, 68] and the enhancement 
of lipid metabolism pathways [30] in DAM through the 
examination of gene signatures. These findings indicate 
that the effect of Trem2 on DAM transition may further 
influence lipid metabolism in the brain.

To study the specific mechanisms by which Trem2 
influences DAM activation, Deczkowska and his col-
leagues proposed the concept of neurodegeneration-
associated molecular patterns (NAMPs). NAMPs are 
damage-related signals present in the CNS, such as dan-
ger molecules present on myelin debris, lipid degradation 
products and the apoptotic bodies of dying neural cells. 
Many of these NAMPs are lipids that can be recognized 
by TREM2, and can then trigger the microglial transi-
tion to DAM [8, 15, 69] (Fig.  2). In addition, according 
to these findings, both phospholipids and myelin are 
NAMPs. This is aligned with the recent observation that 
during demyelination, Trem2 expression in microglia 
upregulates several lipid metabolism-associated DAM 
gene signatures [30], suggesting that TREM2 might link 
phospholipids, myelin metabolism and the transition to 
DAM.

Interestingly, recent studies have shown that the 
influence of TREM2 on DAM may be associated with 
APOE. In genetic knockout mouse models, Apoe and 
Trem2 were found to exert similar effects on DAM, 
and microglia deficient in either Trem2 or Apoe failed 
to convert to DAM [51] (Fig.  2). The finding that the 
inhibition of Trem2 suppressed Apoe expression in 
APP-PS1 microglia suggests that there might be a 
TREM2-APOE signaling pathway that is involved in 
the DAM transition during AD [51]. However, addi-
tional mechanistic and functional studies are needed to 
confirm and explore this signaling pathway, as a study 
in 5XFAD mice found that Apoe is activated in the 
Trem2-independent stage in the DAM transition [30].

Notably, recent studies found that DAM consists of 
different subtypes [67, 70]. Weighted correlation net-
work analysis identified the pro-inflammatory and 
anti-inflammatory phenotypes of DAM (Fig.  2). The 
anti-inflammatory phenotype also showed enhanced 
phagocytosis, lipid metabolism and cholesterol efflux, 
which was more aligned with the previously acknowl-
edged protective function of DAM. However, although 
pro-inflammatory DAM seems to be detrimental to 
AD, both of these phenotypes occur downstream of 
the immune checkpoint of Trem2 [67]. The presence 
of pro-inflammatory DAM also requires the expression 
of Treml2, an AD risk gene with an opposite effect to 
Trem2 in microglia [71]. These findings indicate that 
the original role of Trem2 might be to promote the 
transition to anti-inflammatory DAM. Additionally, 
the emergence of these two different phenotypes can 
be regulated by drugs. Thus, they may exert therapeu-
tic effects on a pathological level, which could provide a 
novel perspective for AD treatment [67].

Fig. 2 TREM2 promotes the microglial transition to DAM. TREM2 binds to NAMPs and then triggers the microglial transition to DAM (CD11c +). In 
mouse models, microglia deficient in either Trem2 or ApoE failed to convert to DAM. Pro‑inflammatory and anti‑inflammatory phenotypes have 
been identified in DAM. Pro‑inflammatory DAM was characterized by surface marker CD44, while anti‑inflammatory DAM expressed surface marker 
CXCR4. Both of these phenotypes occur downstream of Trem2, while the presence of pro‑inflammatory DAM also requires the expression of Treml2
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In the CNS, the disordered TREM2‑affected lipid metabolism 
contributes to the pathogenesis of AD
As discussed above, TREM2 was closely associated with 
the pathogenesis of AD and the lipid metabolism in the 
CNS. Considering that the disorder of lipid metabolism 
constitutes a major risk factor for AD, it would be inter-
esting to figure out whether TREM2 affects the patho-
genesis of AD by influencing lipid metabolism in the 
CNS.

Altered cholesterol metabolism related to TREM2 is 
associated with AD pathogenesis. R47H is a loss-of-func-
tion mutation of TREM2 and is related to an increased 
risk of AD [72]. Andreone et  al. observed increased CE 
levels and myelin debris accumulation in TREM2(R47H) 
iMG compared to WT or TREM2 heterozygous iMG 
after exposure to myelin [43], which is consistent with the 
increase in CE levels in AD patients [73]. These results 
suggest that TREM2 loss-of-function might increase 
the risk of AD partly by suppressing normal TREM2-
dependent cholesterol metabolism, although the specific 
mechanism remains unclear. The impaired uptake of 
Aβ complexed with cholesterol-rich LDL in Trem2 KO 
microglia might provide insights into future mechanistic 
studies [22].

Altered phospholipid metabolism also contributes to 
the pathogenesis of AD, possibly by interacting with AD 
pathologies such as Aβ and tau [74–78]. Interestingly, AD 
risk mutations of TREM2, including R47H, R62H, and 
H157Y, showed defects in binding to phospholipids, and 
the mutation with a larger risk of AD showed more sig-
nificant defects [79]. Therefore, the increased incidence 
of AD related to these mutations may be partly due to the 
impaired binding of TREM2 to phospholipids [29]. Struc-
tural analysis of the binding of PS with TREM2 revealed 
the complex molecular mechanism of this phenomenon 
[52]. In addition, binding to phospholipids could induce 
the TREM2 intracellular signaling [29, 52]. Meanwhile, 
altered phospholipid metabolism may be a consequence 
of changed TREM2 function [26, 43]. These findings 
revealed an interaction between TREM2 signaling and 
phospholipid metabolism under AD conditions.

PLCγ2 is an intracellular enzyme that signals down-
stream of TREM2-DAP12. Recently, a PLCγ2 mutation 
(P522R) that results in a functional hypermorph that 
enhances the PIP2-metabolizing function of PLCγ2 has 
been identified as a protective mutation against AD [53, 
65, 80]. Considering that PLCγ2 can be activated by stim-
ulating the TREM2-DAP12 signaling pathway, this find-
ing suggests that TREM2 might affect the pathogenesis of 
AD by influencing phospholipid metabolism.

In addition, TREM2 is indispensable for the tran-
sition of microglia to DAM. While there are both 

pro-inflammatory and anti-inflammatory phenotypes, 
the latter shows enhanced lipid metabolism and plays a 
protective role in AD. Additionally, as a major risk fac-
tor for AD, APOE might cooperate with TREM2 in the 
metabolism of cholesterol and myelin and in the micro-
glial transition to DAM. The close relationship between 
TREM2 and APOE further supports the hypothesis that 
TREM2 affects the pathogenesis of AD by influencing 
lipid metabolism in the CNS.

TREM2 affects lipid metabolism in the periphery
In addition to the CNS, recent studies have shown that 
lipoproteins and ApoE can also bind to and interact 
with TREM2 in the periphery [8, 15, 47, 79], suggesting 
that TREM2 might also be related to peripheral lipid 
metabolism. In fact, TREM2 can influence the develop-
ment of obesity and its complications, such as hyper-
cholesterolemia, atherosclerosis and NAFLD, in several 
ways, which will be discussed hereafter, including some 
lipid metabolism-associated mechanisms. Notably, 
these diseases show dysregulation of lipid metabolism, 
such as abnormal lipid accumulation, lipogenesis, and 
lipolysis [36–38]. They also alter the plasma levels of 
cholesterol, triglycerides and lipoproteins and change 
fatty acid (FA) metabolism pathways [37, 39–41], sug-
gesting that the occurrence and development of these 
diseases further disrupt the homeostasis of peripheral 
lipid metabolism. Thus, the effect of TREM2 on obesity 
and its complications may be a possible mechanism by 
which TREM2 influences peripheral lipid metabolism. 
However, the accurate signaling pathways for TREM2 
to influence lipid metabolism in the periphery, such as 
through TREM2-DAP12 or -DAP10 heterodimers, are 
not as clear as those in the CNS (Fig. 3).

Notably, diseases like obesity, atherosclerosis, and 
NAFLD are considered metabolic comorbidities of AD 
[32–35]. In addition, previous studies have found that 
high-fat diet (HFD), which is used to establish meta-
bolic-associated disease models, disrupts the homeo-
stasis of peripheral lipid metabolism, promotes the 
pathogenesis of AD, and upregulates the expression 
of Trem2 in AD mouse models [81, 82]. The disorder 
of peripheral lipid metabolism can induce peripheral 
inflammation and IR [83–86], which may lead to cen-
tral inflammation and IR and further promote the 
pathogenesis of AD [87–90].

Therefore, in addition to discussing the effects and 
mechanisms of TREM2 on obesity and its complica-
tions in detail, we will also discuss the possibility that 
TREM2 influences the pathogenesis of AD by affecting 
the inflammation and IR induced by abnormal periph-
eral lipid metabolism.
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The influence of TREM2 on obesity and hypercholesterolemia
The obesity epidemic has reached alarming propor-
tions, with over two billion people worldwide suffering 
from overweight and obesity [91]. In addition, obesity is 
recognized as a central risk factor for several metabolic 
diseases, such as atherosclerosis, NAFLD, ischemic car-
diovascular disease and type 2 diabetes [92, 93].

Recently, TREM2 has been linked to obesity. Previ-
ous studies have found that the expression of TREM2 
is upregulated in the adipose tissue of obese animal 
models [94–96]. To further study the specific role of 
TREM2 in obesity, researchers conducted experiments 
on different types of Trem2 mouse models. By using 
transgenic (TG) mice overexpressing Trem2 both in 
the CNS and in the periphery, Park et al. found that TG 
mice had more adiposity and gained weight faster than 
WT mice when fed a HFD [94]. In addition, blocking 
Trem2 signaling restrained HFD-induced obesity in 
both WT and TG mice. Thus, these researchers pro-
posed that Trem2 may promote diet-induced obesity by 
regulating the Wnt10b/b-catenin signaling pathway and 
adipogenic regulators [94]. Moreover, by comparing 

the results obtained from Trem2 TG mice and Trem2 
blockade mice, these authors proposed that Trem2 may 
exacerbate adipocyte hypertrophy, inflammation, and 
IR during obesity.

However, another similar study conducted by Liu 
and his colleagues came to a different conclusion. 
They found that Trem2 − / − mice fed a HFD showed 
increased body weight, adipocyte hypertrophy, inflam-
mation and IR, indicating that Trem2 plays a protective 
role in obesity [97]. It is not completely clear why these 
conflicting results occurred because there were no sig-
nificant differences between the two experiments in 
diet and time point settings. In terms of diets, the main 
sources of fat in the HFD came from lard. The energy 
from fat differs from 45 to 60%; however, it is not 
plausible that this difference could cause a completely 
opposite result. Although the time they fed a HFD was 
different (from 12 to 16  weeks), the changes in body 
weight between the Trem2 KO/TG and WT groups 
occurred at the early stage and aligned with their final 
conclusions. It is likely that the Trem2 TG mice used by 
Park et al. are not suitable to study metabolic changes 

Fig. 3 Macrophages with a high expression of TREM2 influence the metabolic comorbidities of AD. After sensing peripheral microenvironmental 
stimuli, macrophages transit into different phenotypes, such as LAMs, TREM2 hi macrophages, and hepatic transitional macrophages. LAMs play 
a protective role in obesity through the formation of crown‑like structures in adipose tissue. TREM2 hi macrophages increase lipid metabolism in 
atherosclerotic plaques, although they may reduce the stability of plaques. The hepatic transitional macrophages express high levels of TREM2 
and can then transform into Kupffer cells to promote the repair of liver tissue damage and influence the pathogenesis of NAFLD. In addition, 
Trem2‑deficient macrophages in the liver increase the synthesis of ceramides and release exosomes that could impair hepatocytic energy supply in 
NAFLD
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because Liu’s results are more consistent with cur-
rent research on Trem2-driven lipid-associated mac-
rophages (LAMs) [98].

LAMs are a subset of conserved TREM2 + mac-
rophages that play a protective role in obesity mainly 
through the formation of crown-like structures in adi-
pose tissue [98] (Fig. 3). By using obese mouse models, 
Jaitin et  al. found that Trem2 deficiency inhibited the 
downstream molecular LAM program and eliminated 
the recruitment of macrophages to hypertrophic adi-
pocytes. This leads to glucose intolerance, adipocyte 
hypertrophy, and body fat accumulation [98]. Com-
bined with the lipid-sensing role of TREM2 in AD, 
these results indicate that Trem2 signaling is a primary 
pathway by which macrophages respond to the disorder 
of lipid metabolism.

Additionally, inactivation of the Trem2-related LAM 
program also led to hypercholesterolemia, which is a 
complication of obesity and an independent risk factor 
for AD. Considering the lipid homeostasis-maintaining 
role of LAMs, it is possible that Trem2 prevents hyper-
cholesterolemia by maintaining lipid homeostasis in 
adipose tissue. However, it is not clear whether the pro-
tective effect of Trem2 against hypercholesterolemia is 
mediated by obesity.

However, recent bone marrow transplantation experi-
ments found that hematopoietic/macrophage-expressed 
TREM2 reduces adipose hypertrophy in diet-induced 
obesity, but it exerts no influences on other obesity con-
comitant factors, such as IR and glucose intolerance. This 
study explained that IR and glucose intolerance in obesity 
were attenuated by TREM2 expressed on nonhematopoi-
etic cells [99]. Although these researchers did not further 
identify the specific type of nonhematopoietic cells that 
protect against IR, it would be interesting to study the 
exact functions of TREM2 expression in adipose tissue 
during obesity.

In summary, TREM2 can influence obesity and its con-
comitant phenotypes, such as adipocyte hypertrophy, 
inflammation and IR. However, although the interactions 
among inflammation, insulin signaling and lipid metabo-
lism have been widely discussed [100–103], it is unclear 
whether the effect of TREM2 on obesity is achieved by 
affecting these concomitant factors. Current evidence 
can only prove that TREM2 affects adipose tissue home-
ostasis under obese conditions. Although the specific 
role of TREM2 in obesity remains controversial, consid-
ering the given evidence, it is more likely that TREM2 
serves as a protective factor that prevents the loss of lipid 
homeostasis. This is more aligned with its lipid metabo-
lism-maintaining role in neurodegeneration as well as in 
hypercholesterolemia and other obesity complications 
described below.

The controversial role of TREM2 hi macrophages 
in atherosclerosis
Atherosclerosis is a lipid-driven inflammatory disease 
that is closely related to peripheral lipid metabolism [101] 
and is characterized by the formation of fatty plaques in 
great arteries. The plaques are rich in lipid-laden mac-
rophages, which accumulate due to the recruitment of 
circulating monocytes as well as the differentiation and 
proliferation of local macrophages [104–106]. Recent 
studies have shown that macrophages are the most 
important type of immune cell in plaques in atheroscle-
rosis [107, 108]. Generally, there are three main subtypes 
of macrophages, including resident-like macrophages, 
pro-inflammatory macrophages and anti-inflammatory 
TREM2 hi macrophages [109].

TREM2 hi macrophages are lipid-laden foamy mac-
rophages that accumulate in the necrotic core of plaques. 
In addition, the levels of TREM2 expression in sympto-
matic human plaques were lower than those in asymp-
tomatic human plaques [110], although the specific role 
of TREM2 hi macrophages in atherosclerotic plaques is 
still controversial. Recently, TREM2 hi macrophages have 
been identified as lipid modulators in plaques. Pathway 
analysis of TREM2 hi macrophages found enhanced reg-
ulation of lipid metabolism, such as cholesterol catabo-
lism and efflux, revealing that TREM2 hi macrophages 
might have a protective role in foam cell formation 
and intracellular lipid accumulation [107]. However, 
the high expression of TREM2 may reduce the stabil-
ity of plaques. In TREM2 hi macrophages, researchers 
observed increased levels of several types of cathepsins, 
which can enhance plaque vulnerability and inflamma-
tion in atherosclerosis [111, 112]. Recently, TREM2 hi 
macrophages were found to have nearly identical gene 
expression to osteoclasts and DAM [113]. Thus, TREM2 
is thought to contribute to the calcification of atheroscle-
rotic lesions [107], which might aggravate local tissue 
stress and damage plaque stability [114] (Fig. 3). In con-
clusion, additional mechanistic and functional studies are 
essential to investigate the specific function of TREM2 
hi macrophages and explore its therapeutic potential in 
atherosclerosis.

TREM2 plays a protective role in NAFLD
NAFLD is the major cause of chronic liver disease [115] 
and is another complication of obesity [98, 116]. Interest-
ingly, several studies have found that NAFLD is also a type 
of metabolic disease that can be regulated by TREM2. 
Trem2 deficiency in NAFLD-associated sepsis mouse 
models accelerate NAFLD progression [117], which is 
consistent with the observation that Trem2 − / − mice 
fed a HFD exhibited more severe hepatic steatosis [97]. 
A recent study further proved this finding and reported 
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that Trem2 deficiency exacerbates hepatic steatosis in a 
fat and cholesterol level-independent manner. Moreo-
ver, restricting the increase in serum ceramides reversed 
adipocyte hypertrophy and hepatic steatosis in Trem2-
deficient animals [99]. These findings suggest that Trem2 
has a protective role against NAFLD progression, and 
the levels of serum ceramides might be a key part of this 
mechanism. Then, by using in  vitro and in  vivo models 
of liver lipid overload, Hou and his colleagues discovered 
that hepatic regulation of lipid overload involves par-
tial Trem2-dependent metabolic coordination between 
hepatocytes and macrophages. They found that mac-
rophages deficient in Trem2 could release exosomes, 
which impair mitochondrial structure and energy supply 
in hepatocytes. Additionally, Trem2-overexpressing mac-
rophages increased the hepatic energy supply, revealing 
that Trem2-expressing liver macrophages may regulate 
hepatocytic energy metabolism during NAFLD [117]. 
Moreover, TREM2 contributes to the repair of chronic 
liver injury caused by NAFLD. A recent study identi-
fied a transitional subtype of macrophages that highly 
express TREM2 and is dominant during the recovery 
period of hepatocyte injury [118]. This phenotype of 
macrophages shows a TREM2-dependent transcriptional 
signature similar to those of DAM and LAM. They could 
then transform into resident-like macrophages (Kupffer 
cells), which express Trem2, to promote the repair of 
liver tissue damage [118] and influence the pathogenesis 
of NAFLD [119] (Fig.  3). The acquisition of transitional 
macrophages involves the upregulation of genes involved 
in oxidative stress responses and the downregulation of 
proinflammatory genes, which were not found in Trem2-
deficient macrophages [118]. In summary, these studies 
describe TREM2 as a regulator of hepatocytic energy 
metabolism and liver lipid overload and as a promoter 
of macrophage phenotype conversion during liver tissue 
damage. Moreover, they further support the protective 
role of TREM2 in NAFLD.

Interestingly, the liver has been considered as a key 
organ involved in the development of AD as a result of its 
role in Aβ clearance [120]. Liver disease may lead to high 
levels of circulating Aβ due to its impaired detoxification 
ability [121]. This is consistent with the recent finding 
that synthesizing human Aβ only in the liver results in an 
AD-like neurodegenerative phenotype [122], which fur-
ther confirms the pathogenic role of liver diseases, such 
as NAFLD, in AD [35].

TREM2‑mediated inflammation and IR are potential 
pathways by which dysregulated peripheral lipid metabolism 
contributes to AD pathogenesis
In addition to the CNS, TREM2 in the periphery also 
plays a vital role in the development and progression 

of AD [17, 123]. Peripheral TREM2 mRNA levels are 
increased in AD and are related to AD-associated cogni-
tive impairment and hippocampal atrophy, and the pres-
ence of the APOE ε4 allele further increases peripheral 
TREM2 expression [124]. We have discussed the influ-
ence of TREM2 on obesity, atherosclerosis and NAFLD, 
which are considered metabolic comorbidities of AD and 
disrupt the homeostasis of peripheral lipid metabolism. 
Notably, the disorder of peripheral lipid metabolism can 
induce peripheral inflammation and IR, which may lead 
to central inflammation and IR and further promote the 
pathogenesis of AD.

Inflammation
Dysregulated peripheral lipid metabolism can induce 
inflammation in the periphery., Macrophages can secrete 
inflammatory mediators and induce low-grade systemic 
inflammation upon the expansion of adipose tissue [125]. 
In addition, studies on mice with hyperlipidemia indicate 
that high circulating levels of lipoproteins [126], espe-
cially modified lipoproteins such as oxidized LDL [127], 
induce inflammation and promote the transition of anti-
inflammatory macrophages into pro-inflammatory mac-
rophages [83]. Fatty acid (FA) metabolism is a key part 
of the lipid metabolism system and is also closely associ-
ated with peripheral inflammation. Several studies have 
demonstrated that FAs regulate inflammatory pathways 
by activating Toll-like receptors (TLRs) [84] or binding 
to several G-protein-coupled receptors [128, 129] which 
are expressed on immune cells and metabolically active 
tissues. These findings are aligned with the observation 
that obesity [102] and its complications [56, 130] lead 
to peripheral or local inflammation. Interestingly, the 
inflammation present in these diseases is directly or indi-
rectly affected by TREM2 [94, 97, 111, 112, 118], suggest-
ing that TREM2 might influences inflammation induced 
by abnormal peripheral lipid metabolism.

TREM2 is known as a negative inflammatory regula-
tor of macrophages [131] that antagonizes the response 
to proinflammatory stimuli by signaling pathways [131, 
132] and enhances the expression of anti-inflammatory 
genes [30, 98]. Considering that excessive FAs induce 
inflammation by activating TLR [84] and that TREM2 
can inhibit TLR signaling [132], it is possible that TREM2 
plays an anti-inflammatory role upon dysregulation of 
lipid metabolism. Liu et  al. found that macrophages in 
epididymal adipose tissue express more proinflammatory 
cytokines in Trem2 knockout mice than in WT control 
mice when fed a HFD [97], suggesting that Trem2 defi-
ciency may upregulate the inflammatory response of 
macrophages. Similarly, Jaitin et  al. found that Trem2-
driven LAMs express many immunosuppression-related 
genes (such as LGALS1 and LGALS3), revealing that 
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Trem2 is likely to restrain inflammatory response in adi-
pose tissue [98]. A recent preprint found that TREM2 
signaling inhibits the inflammatory response and pro-
motes tissue remodeling in liver injury [118], and another 
study found that the frequency of LAMs was associated 
with the fibrosis score in the liver of nonalcoholic stea-
tohepatitis patients [133]. These findings support the 
hypothesis that TREM2 may reduce pathologies in vis-
ceral adipose tissue by blocking inflammation.

However, whether TREM2 participates in the proin-
flammatory response in adipose tissues is still contro-
versial. Park et  al. conducted a study that had similar 
experimental conditions and methods as Liu’s study but 
used a transgenic mouse model overexpressing Trem2 
[94]. These researchers found an increase in proinflam-
matory cytokines in the epididymal white adipose tissue 
of Trem2 TG mice compared with WT mice when fed a 
HFD [94]. These results are consistent with the findings 
of a recent single-cell RNA sequencing study [134], sug-
gesting a proinflammatory role for Trem2. Nevertheless, 
in Park’s experiments, Trem2 promoted adipogenesis by 
upregulating peroxisome proliferator-activated recep-
tor (PPAR)γ [94], an adipogenic regulator that could also 
inhibit inflammatory responses [135] and IR [102]. This 
TREM2-PPARγ pathway contradicts the role of TREM2 
in promoting inflammation and IR, making these results 
confusing.

The inflammation induced by the dysregulation of 
peripheral lipid metabolism links obesity and its com-
plications with AD [56, 89, 136]. Researchers have dem-
onstrated that inflammatory challenges in the periphery 
trigger neuroinflammation [87], which can then contrib-
ute to the pathogenesis of AD in several ways, including 
interacting with Aβ metabolism [88, 137–139]. Consider-
ing that TREM2 is a widely discussed regulator of neu-
roinflammation [140], it is possible that TREM2 has a 
regulatory role throughout the dysregulated peripheral 
lipid metabolism-peripheral inflammation-neuroinflam-
mation-AD axis.

Insulin resistance
IR is a disorder of glucose homeostasis, including 
decreased sensitivity to insulin in muscle tissue, adipose 
tissue, the liver, and other body tissues, regardless of ele-
vated or normal glucose concentrations in blood [141]. IR 
is a major comorbidity of obesity [100], and the accumu-
lation of FA metabolites in the liver and skeletal muscle 
and high levels of plasma free fatty acids (FFAs) may also 
lead to IR [85, 86]. These findings indicate an association 
between peripheral lipid metabolism and IR. Inflam-
mation induced by dysregulated lipid metabolism is an 
important mediator of IR, and several studies have dem-
onstrated that peripheral chronic inflammation leads to 

the impairment of insulin signaling and the consequent 
systemic IR [94, 142]. The activation of TLRs may be a 
mechanism underlying inflammation-induced IR. TLRs 
can be activated by increased levels of long-chain FAs in 
the obesity-related environment and thus contribute to 
the development of IR [143, 144]. Considering the inhibi-
tory role of TREM2 on TLR signaling [132], it is possi-
ble that TREM2 might regulate IR induced by abnormal 
peripheral lipid metabolism.

Some studies have indicated that TREM2 can pro-
tect against IR. An insulin resistance test found that 
Trem2 − / − mice fed a HFD  showed higher blood glu-
cose levels than controls when challenged with insu-
lin. Furthermore, an analysis of P-Akt protein levels 
in epididymal adipose tissue also indicated dampened 
insulin signaling upon Trem2 deficiency [97]. These 
results are aligned with a recent finding that the down-
regulation of TREM2 in adipose tissue is associated with 
advanced IR in patients with obesity [145]. Ceramides 
are important bioactive lipidic messengers that regu-
late cellular functions, including inflammation, survival 
and stress responses, and can induce IR during obesity 
and its complications [130, 146, 147]. Interestingly, a 
recent study used metabolomics to demonstrate an asso-
ciation between Trem2 deficiency and obesity-induced 
elevations in serum ceramides and found that Trem2 
deficiency exacerbates diet-induced IR in a fat and cho-
lesterol level-independent manner [99]. Inhibiting cera-
mide synthesis has been found to attenuate IR and to 
reverse adipose hypertrophy and secondary hepatic stea-
tosis in Trem2-/- mice. These findings suggest that cera-
mide might be an important mediator by which TREM2 
regulates IR [99]. In addition, the increased production 
of ceramide caused by hepatic steatosis promotes IR 
and can cross the BBB. Thus, it can lead to brain insu-
lin resistance, neuroinflammation and neuronal apopto-
sis [148], indicating that ceramide may link IR and brain 
function.

Generally, IR can be divided into two categories, 
peripheral IR and brain IR. The latter is widely discussed 
but poorly defined. Peripheral IR is associated with dys-
regulated lipid metabolism, resulting in the overload 
of FFAs and the activation of cytokines in the periph-
ery. Excessive levels of peripheral cytokines can cross 
and damage the BBB, leading to neuroinflammation 
and therefore inducing brain IR [89]. This mechanism 
has been supported by several experiments with rodent 
models that demonstrated that chronic peripheral IR 
may lead to brain IR as well as brain dysfunction [149, 
150]. IR has been demonstrated to be an important risk 
factor for AD [90, 151, 152]. Brain IR leads to neuroin-
flammation, Aβ accumulation, tau phosphorylation, and 
brain bioenergetic dysregulation, possibly by regulating 
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insulin-degrading enzyme and glycogen synthase kinase 
β [153, 154]. Thus, brain IR influences the pathogenesis 
of AD [102]. Most previous studies on TREM2 have 
focused on its influence on peripheral IR. However, there 
is a close relationship between peripheral and brain IR, 
and TREM2 regulates several pathogenic factors of IR in 
the CNS, such as abnormal inflammatory and immune 
responses [155]. Thus, we hypothesize that TREM2 may 
also have a direct or an indirect regulatory role in brain 
IR.

Collectively, these findings suggest that inflammation 
and IR are vital pathophysiological changes that can be 
induced by the dysregulation of peripheral lipid metab-
olism and are common pathways by which peripheral 
lipid metabolism influences the pathogenesis of AD. The 
majority of studies tend to support that TREM2 might 
maintain lipid homeostasis in the periphery and regulate 
peripheral inflammation and IR. This could subsequently 
influence the pathogenesis of AD (Fig. 4). However, Park 
et al. hold a different view that TREM2 might exacerbate 
obesity conditions and promote obesity-induced inflam-
mation [94]. The reason for this contradiction is not com-
pletely clear, possibly because that the Trem2 TG mice 
used by Park et  al. are not suitable to study metabolic 
changes. However, these results are similar to those that 
indicated that TREM2 promotes both the anti-inflamma-
tory and pro-inflammatory phenotypes of DAM in the 
CNS [67]. As TREM2 is highly conserved throughout 
the body, it is also possible that the controversial role of 
TREM2 in regulating peripheral inflammation might be 
due to its similar dual effect on macrophage phenotypes.

In addition, the pathogenesis of AD is influenced by 
not only abnormal peripheral lipid metabolism but also 
TREM2-affected metabolic diseases, such as obesity 
[33], hypercholesterolemia [4, 156, 157], atherosclerosis 
[34, 56, 158] and NAFLD [136, 159]. The mechanisms by 
which these conditions influence AD pathogenesis are 
varied and do not act merely through the induction of 
inflammation and IR. Although the majority of current 
researches on the role of TREM2 in these diseases are in 
animal models, we hypothesize that TREM2 mutations 
might be genetic risk factors for the pathogenesis of these 
lipid metabolic diseases in humans. In the future, clinical 
studies could focus on exploring this point to establish a 
genetic association between peripheral diseases and AD.

TREM2 may link lipid metabolism in the CNS 
and the periphery by influencing the integrity of BBB
Interestingly, the influence of TREM2 on central and 
peripheral lipid metabolism may not act through sepa-
rate processes because apolipoproteins and lipopro-
teins can be regulated by TREM2 in both the CNS and 
periphery [47, 79, 160]. The BBB has an important role 

in linking the CNS and periphery, and the composition 
and function of the BBB are closely related to lipids, 
including phospholipids, cholesterol and sphingolipids 
[161]. Recent studies have found that soluble TREM2 
(sTREM2) can cross the BBB and may disrupt the integ-
rity of the BBB in the context of AD [162], possibly by 
interacting with pro-inflammatory proteins such as TNF 
receptor 1 and TNF receptor 2, and their effectors like 
intercellular adhesion molecule 1 and vascular cell adhe-
sion molecule 1 [163]. The elevation of these molecules 
is considered to damage vascular endothelial function 
and the integrity of the BBB [164]. In addition, the BBB 
is vulnerable to disease conditions, including AD [165–
167]. Cholesterol and FFAs have only a minimal ability to 
pass through the healthy BBB [168] but that their passage 
increases significantly when the BBB is damaged [169, 
170]. Thus, we hypothesize that TREM2 may link lipid 
metabolism in the CNS and the periphery by influencing 
the integrity of the BBB (Fig. 4).

However, TREM2 does not have a confirmed effect 
on the BBB. Therefore, we summarized previous stud-
ies and proposed some potential mechanisms by which 
TREM2 may influence the BBB. The first mechanism 
acts by influencing inflammation and IR. Several studies 
have found that excessive inflammation in both the CNS 
and periphery can damage tight junctions and endothe-
lial cells in the BBB and might exacerbate BBB impair-
ment [171–173]. In addition, IR has been found to impair 
the tight junctions and pericyte coverage, with reduced 
expression of tight-junction proteins and transporters 
in the BBB [174, 175]. Given the previously described 
regulatory role of TREM2 in inflammation and IR under 
disease conditions, it is possible that TREM2 might influ-
ence the integrity of the BBB through these pathways.

The second potential mechanism by which TREM2 
may influence the BBB acts through microglial oxidative 
stress. Several studies support the notion that microglial 
activation impairs the integrity of the BBB via reactive 
oxygen species (ROS) [176, 177]. Notably, recent find-
ings have confirmed that the increase in TREM2 activity 
plays a critical role in regulating the activation of micro-
glia [178, 179] and in generating oxidative stress [180]. 
RNA-seq analysis and semiquantitative RT–PCR studies 
have confirmed that the loss of Trem2 leads to a reduced 
microglial oxidative response in the brain [181].

Complement signaling is an acknowledged regula-
tor of innate immunity in the brain, and it is the third 
potential mechanisms by which TREM2 may influence 
the BBB. Propson et  al. found that enhanced comple-
ment (C3a/C3aR) signaling through endothelial cells 
could lead to dysfunction of the BBB [182]. Another 
study found that the expression of genes involved in the 
complement system, such as C4b, Cd18, and C3, were 
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decreased in Trem2 KO mouse models compared with 
WT controls, suggesting that the loss of Trem2 may 
dampen the complement and innate immune systems 
in the brain [181]. Therefore, it would be valuable to 

figure out whether the effects of TREM2 on the brain 
complement system and the innate immune system 
can affect endothelial C3 signaling and thus affect BBB 
function.

Fig. 4 TREM2 is a regulator that links lipid metabolism in the CNS and the periphery. In the CNS, TREM2 promotes the microglial metabolism of 
cholesterol and PIP2 in a PLCγ2‑associated way. TREM2 mediates the microglial response to myelin damage and promotes the microglial transition 
to DAM. In the periphery, TREM2‑expressing macrophages can influence metabolic comorbidities of AD, such as obesity, atherosclerosis, and 
NAFLD. Therefore, the dysfunction of TREM2 leads to dysregulated lipid metabolism and induces inflammation and IR. Peripheral inflammation and 
IR eventually lead to neuroinflammation and IR in the CNS. In addition, the elevated sTREM2 levels in AD may cause BBB disruption. TREM2 may 
influence the integrity of the BBB by affecting inflammation, IR, the microglial oxidative response (releasing ROS), and C3 complement signaling. The 
damaged BBB allows for the increased passage of cholesterol and FFAs, therefore establishing an association between central and peripheral lipid 
metabolism
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Collectively, TREM2 may influence the integrity of 
the BBB by affecting inflammation, IR, microglial oxida-
tive response and C3 complement signaling, and there-
fore it can link central and peripheral lipid metabolism. 
The influence of TREM2 on BBB integrity may be medi-
ated by sTREM2 and the linking role of TREM2 allows 
researchers to consider lipid metabolism in the CNS and 
the periphery together to further investigate the relation-
ship between lipid metabolism and AD.

The potential and prospect of TREM2 as a therapeutic 
target for AD
Recent studies have started to focus on the therapeutic 
role of lipids in AD due to the involvement of lipids in 
BBB function, myelination, membrane remodeling, APP 
processing, energy balance, oxidation, receptor sign-
aling, and inflammation. Regulating lipid metabolism 
is thought to be effective, and some studies have found 
that dietary supplements, including omega-3 fatty acids 
(DHA, EPA), and other types of lipid dietary modifica-
tions are likely to alleviate AD symptoms [183, 184]. In 
addition, using statins to alter cholesterol biosynthesis 
is considered to be a possible therapy [185, 186]. Treat-
ment of an AD mouse model with atorvastatin was 
also found to regulate TLR4-mediated signaling and 
thus improve cognitive deficits. Considering that TLR4 
expression could be upregulated by Trem2 deficiency 
[187], it is likely that statin treatment can ameliorate 
neuroinflammation more efficiently in patients with 
TREM2 mutations. Myelin-treated Trem2-deficient 
murine macrophages and human iPSC-derived micro-
glia showed CE accumulation, which could be rescued by 
an inhibitor of acetyl-CoA acetyltransferase 1 [26]. This 
may therefore provide multiple beneficial effects on AD 
[188] and indicate that acetyl-CoA acetyltransferase 1 is 
an individualized therapeutic target for AD patients with 
TREM2 mutations. These findings suggest that therapies 
that reduce TREM2-associated lipid dysregulation in AD 
are likely to be feasible, which supports the value of the 
evaluation of TREM2 mutations in AD patients. Notably, 
although TREM2 mutations are present in only a small 
number of AD patients, the function and expression 
of TREM2 could be influenced by other genes involved 
in AD, such as TYROBP and APOE [124, 189]. These 
findings suggest that targeting TREM2-affected lipid 
metabolism for many patients with AD may be effective 
regardless of whether they carry a TREM2 mutation.

Considering that most of the AD-risk mutations of 
TREM2 are loss-of-function mutations, increasing the 
expression of TREM2 might be another therapeutic strat-
egy for AD, even in patients without a TREM2 muta-
tion. This may be achieved by using activating antibodies 
against TREM2 [8, 190] or ectopically expressing TREM2 

in myeloid cells and then injecting them in  vivo [191]. 
Price et  al. have found that systemic administration of 
AL002a, an agonistic antibody of TREM2, can decrease 
Aβ deposition and improve cognition in 5XFAD mice 
[192]. Notably, a clinical trial on AL002 conducted by 
Alector and Abbvie (ClinicalTrials.gov NCT04592874) 
is now in the Phase 2 study. TREM2 expression is posi-
tively related to microglial uptake of Aβ-lipoprotein com-
plexes and TREM2 deficiency reduced microglial uptake 
of Aβ complexed with ApoE-containing lipoproteins 
[22]. Interestingly, the influence of TREM2 deficiency is 
isoform-specific, as microglia expressing ApoE4 showed 
reduced uptake of Aβ that was additionally exacerbated 
by TREM2 deficiency compared with microglia express-
ing ApoE3 [62]. This finding further supports the thera-
peutic potential of TREM2 in patients carrying an APOE 
ε4 allele, which is the strongest genetic risk factor for late-
onset AD. Furthermore, as mentioned above, TREM2 
generally maintains lipid homeostasis in both the CNS 
and periphery. Thus, it is possible that enhanced expres-
sion of TREM2 alleviates dysregulated lipid metabolism 
during AD and AD metabolic comorbidities.

Recent studies have found that using adeno-associated 
virus or lentiviral particles to overexpress Trem2 allevi-
ates Aβ deposition and cognitive deficits in APP/PS1 
mice [193, 194]. In addition, bexarotene, a synthetic small 
molecule and specific retinoid X receptor (RXR) agonist, 
was found to have a therapeutic effect in AD mouse mod-
els. Bexarotene-treated APP/PS1 mice showed improved 
cognitive function, increased microglial phagocytosis 
and decreased Aβ plaque burden [195, 196], although 
these results remain controversial [197]. Genome-wide 
differential gene expression in the brains of AD model 
mice but not WT mice treated with bexarotene showed 
an upregulation of Trem2, Apoe, Tyrobp, and CD33, 
a microglial receptor that acts upstream of Trem2 
[198]. Bexarotene affects AD by enhancing the immune 
response and inhibiting inflammatory reactions [199], 
which is similar to the function of the TREM2-TYROBP 
(DAP-12) signaling pathway in AD [200]. Thus, it is likely 
that the upregulation of Trem2, Tyrobp, and CD33 might 
mediate the therapeutic effect of bexarotene. In addi-
tion, treatment with bexarotene increases the lipidation 
of ApoE4 lipoprotein and improves cognitive function 
in AD model mice expressing human ApoE4 [201, 202]. 
Therefore, the upregulation of Trem2 caused by bexaro-
tene treatment may increase the microglial uptake of Aβ 
complexed with ApoE-containing lipoproteins, which, 
as previously discussed, might be ApoE isoform-specific 
[62]. Future mechanistic studies are needed to confirm 
this interesting hypothesis.

However, it remains a challenge to locally increase 
TREM2 expression according to the clinical symptoms 
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and laboratory tests of AD patients while avoiding the 
toxic effects of activating TREM2-expressing mac-
rophages in other tissues, e.g., tumor growth and immune 
evasion. Drugs that upregulate TREM2 expression, such 
as bexarotene, showed side effects such as weight loss, 
hepatomegaly and difficulty breathing in mouse models 
[197, 203]. These results suggest that clinical treatments 
targeting TREM2 require further investigation.

Conclusions
As mentioned above, TREM2 regulates lipid metabo-
lism both in in the CNS and the periphery. In the CNS, 
TREM2 could regulate brain cholesterol and myelin 
metabolism and promote DAM activation in an APOE-
associated manner. TREM2 signaling could be activated 
by binding with phospholipids and TREM2 may affect 
the metabolism of several types of phospholipids (Fig. 4). 
These alterations may influence AD by affecting AD 
pathologies or shifting the microglial response toward 
AD conditions. In the periphery, TREM2 can regulate 
lipid homeostasis and influence the inflammation and 
IR induced by dysregulated peripheral lipid metabolism. 
Thus, it might subsequently involve in the pathogen-
esis of AD, although the accurate function of TREM2 
in this pathway is still controversial. However, although 
the effect of TREM2 on AD pathogenesis through lipid 
metabolism has been supported, more mechanistic and 
functional studies are needed to show how important 
lipid metabolism is in the TREM2-AD pathogenesis axis. 
Whether it is an indispensable factor throughout the 
axis or just an independent influencing pathway requires 
future exploration. In addition, we hypothesize that 
TREM2 may influence the integrity of the BBB by affect-
ing inflammation, IR, microglial oxidative response and 
C3 complement signaling, and therefore it can link lipid 
metabolism in the CNS and the periphery. This link-
ing role of TREM2 allows researchers to consider lipid 
metabolism in the CNS and the periphery together to 
further study the association between AD and lipid 
metabolism. Confirming the effect of TREM2 on the 
BBB is of greatest importance for verifying our hypoth-
esis. Future studies should also attempt to explore the 
influence of TREM2 on BBB permeability and determine 
whether TREM2 molecules expressed in the CNS and 
the periphery can interact with each other.

Moreover, we discussed the role of lipids in TREM2-
associated treatments for AD. Targeting the lipid dys-
regulation related to TREM2 dysfunction or upregulating 
TREM2 expression during AD are potential therapies 
worth exploring, although some significant problems 
remain to be solved.

Abbreviations
AD: Alzheimer’s disease; APOE: Apolipoprotein E; Aβ: Amyloid‑β peptide; BBB: 
Blood–brain barrier;; CE: Cholesterol esters;; CNS: Central nervous system; 
CPZ: Cuprizone; DAG: Diacylglycerol; DAM: Disease‑associated microglia; 
DAP12: DNAX‑activating protein of 12 kDa; DOK3: Downstream of kinase 3; 
ER: Endoplasmic reticulum; FAs: Fatty acids; FFAs: Free fatty acids; HFD: High 
fat diet; IP3: Inositol‑1,4,5‑trisphosphate; IR: Insulin resistance; LAM: Lipid‑
associated macrophage; LDL: Low‑density lipoproteins; NAFLD: Nonalcoholic 
fatty liver disease; NAMPs: Neurodegeneration‑associated molecular patterns; 
PE: Phosphatidyl ethanolamine; PI: Phosphatidylinositol; PI3K: Phosphoinositol 
3‑kinase; PIP2: Phosphatidylinositol 4,5‑bisphosphate; PLCG2: Phospholipase 
Cγ2; PPAR: Peroxisome proliferator‑activated receptors; PS: Phosphatidylserine; 
ROS: Reactive oxygen species; RXR: Retinoid X Receptor; TG: Transgenic; TLR: 
Toll‑like receptors; TREM2: Triggering receptor expressed on myeloid cells 2; 
Tyrobp: Tyrosine protein tyrosine kinase binding protein; WT: Wild type.

Acknowledgements
Not applicable.

Authors’ contributions
RYL, QQ, and YT wrote the article, provided critical feedback and revised the 
manuscript. All authors read and approved the final manuscript.

Funding
This study was funded by Beijing Natural Science Foundation (JQ19024), 
National Natural Science Foundation of China (81,970,996), National Key R&D 
Program of China (2017YFC1310102 and 2019YFC0118200), Beijing Hospitals 
Authority Innovation Studio of Young Staff Funding Support (202118), Young 
Elite Scientists Sponsorship Program by CAST (2021QNRC001), and Beijing 
Nova Program (Z211100002121051).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Innovation Center for Neurological Disorders, Department of Neurology, 
Xuanwu Hospital, Capital Medical University, National Center for Neurological 
Disorders, Beijing, China. 2 State Key Laboratory of Stem Cell and Reproductive 
Biology, Institute of Zoology, Chinese Academy of Sciences, Beijing, China. 

Received: 7 January 2022   Accepted: 9 May 2022

References
 1. Handels RL, Wolfs CA, Aalten P, Joore MA, Verhey FR, Severens JL. 

Diagnosing Alzheimer’s disease: a systematic review of economic 
evaluations. Alzheimers Dement. 2014;10(2):225–37.

 2. Vishal S, Sourabh A, Harkirat S. Alois Alzheimer (1864–1915) and the 
Alzheimer syndrome. J Med Biogr. 2011;19(1):32–3.

 3. Tracy TE, Gan L. Tau‑mediated synaptic and neuronal dysfunction in 
neurodegenerative disease. Curr Opin Neurobiol. 2018;51:134–8.

 4. Benilova I, De Strooper B. Neuroscience. Promiscuous Alzheimer’s 
amyloid: yet another partner. Science. 2013;341(6152):1354–5.

 5. Li Y, Huang H, Zhu M, Bai H, Huang X. Roles of the MYST family in 
the pathogenesis of Alzheimer’s disease via histone or non‑histone 
acetylation. Aging Dis. 2021;12(1):132–42.



Page 15 of 19Li et al. Molecular Neurodegeneration           (2022) 17:40  

 6. Ghafouri‑Fard S, Shoorei H, Bahroudi Z, Abak A, Majidpoor J, Taheri 
M. An update on the role of miR‑124 in the pathogenesis of human 
disorders. Biomed Pharmacother. 2021;135:111198.

 7. Colonna M, Wang Y. TREM2 variants: new keys to decipher Alzheimer 
disease pathogenesis. Nat Rev Neurosci. 2016;17(4):201–7.

 8. Wang Y, Cella M, Mallinson K, Ulrich JD, Young KL, Robinette ML, et al. 
TREM2 lipid sensing sustains the microglial response in an Alzheimer’s 
disease model. Cell. 2015;160(6):1061–71.

 9. Ulland TK, Song WM, Huang SC, Ulrich JD, Sergushichev A, Beatty 
WL, et al. TREM2 Maintains microglial metabolic fitness in Alzheimer’s 
disease. Cell. 2017;170(4):649‑63 e13.

 10. Chung D‑H, Seaman WE, Daws MR. Characterization of TREM‑3, an 
activating receptor on mouse macrophages: definition of a family of 
single Ig domain receptors on mouse chromosome 17. Eur J Immunol. 
2002;32(1):59–66.

 11. Deczkowska A, Weiner A, Amit I. The physiology, pathology, and 
potential therapeutic applications of the TREM2 signaling pathway. Cell. 
2020;181(6):1207–17.

 12. Peng Q, Malhotra S, Torchia JA, Kerr WG, Coggeshall KM, Humphrey MB. 
TREM2‑ and DAP12‑dependent activation of PI3K requires DAP10 and is 
inhibited by SHIP1. Sci Signal. 2010;3(122):ra38.

 13. Otero K, Shinohara M, Zhao H, Cella M, Gilfillan S, Colucci A, et al. TREM2 
and beta‑catenin regulate bone homeostasis by controlling the rate of 
osteoclastogenesis. J Immunol. 2012;188(6):2612–21.

 14. Kobayashi M, Konishi H, Sayo A, Takai T, Kiyama H. TREM2/DAP12 signal 
elicits proinflammatory response in microglia and exacerbates neuro‑
pathic pain. J Neurosci. 2016;36(43):11138–50.

 15. Poliani PL, Wang Y, Fontana E, Robinette ML, Yamanishi Y, Gilfillan S, et al. 
TREM2 sustains microglial expansion during aging and response to 
demyelination. J Clin Invest. 2015;125(5):2161–70.

 16. Zheng H, Jia L, Liu CC, Rong Z, Zhong L, Yang L, et al. TREM2 promotes 
microglial survival by activating Wnt/beta‑catenin pathway. J Neurosci. 
2017;37(7):1772–84.

 17. Jay TR, Miller CM, Cheng PJ, Graham LC, Bemiller S, Broihier ML, et al. 
TREM2 deficiency eliminates TREM2+ inflammatory macrophages and 
ameliorates pathology in Alzheimer’s disease mouse models. J Exp 
Med. 2015;212(3):287–95.

 18. Jonsson T, Stefansson H, Steinberg S, Jonsdottir I, Jonsson PV, Snaedal J, 
et al. Variant of TREM2 associated with the risk of Alzheimer’s disease. N 
Engl J Med. 2013;368(2):107–16.

 19. Wang Y, Ulland TK, Ulrich JD, Song W, Tzaferis JA, Hole JT, et al. TREM2‑
mediated early microglial response limits diffusion and toxicity of 
amyloid plaques. J Exp Med. 2016;213(5):667–75.

 20. Bemiller SM, McCray TJ, Allan K, Formica SV, Xu G, Wilson G, et al. 
TREM2 deficiency exacerbates tau pathology through dysregulated 
kinase signaling in a mouse model of tauopathy. Mol Neurodegener. 
2017;12(1):74.

 21. Leyns CEG, Gratuze M, Narasimhan S, Jain N, Koscal LJ, Jiang H, et al. 
TREM2 function impedes tau seeding in neuritic plaques. Nat Neurosci. 
2019;22(8):1217–22.

 22. Yeh FL, Wang Y, Tom I, Gonzalez LC, Sheng M. TREM2 binds to apolipo‑
proteins, including APOE and CLU/APOJ, and thereby facilitates uptake 
of amyloid‑beta by microglia. Neuron. 2016;91(2):328–40.

 23. Hsieh CL, Koike M, Spusta SC, Niemi EC, Yenari M, Nakamura MC, et al. A 
role for TREM2 ligands in the phagocytosis of apoptotic neuronal cells 
by microglia. J Neurochem. 2009;109(4):1144–56.

 24. Lanfranco MF, Sepulveda J, Kopetsky G, Rebeck GW. Expression and 
secretion of apoE isoforms in astrocytes and microglia during inflam‑
mation. Glia. 2021;69(6):1478–93.

 25. Fernandez CG, Hamby ME, McReynolds ML, Ray WJ. The Role of APOE4 
in disrupting the homeostatic functions of astrocytes and microglia in 
aging and Alzheimer’s disease. Front Aging Neurosci. 2019;11:14.

 26. Nugent AA, Lin K, van Lengerich B, Lianoglou S, Przybyla L, Davis SS, 
et al. TREM2 regulates microglial cholesterol metabolism upon chronic 
phagocytic challenge. Neuron. 2020;105(5):837‑54 e9.

 27. Cantoni C, Bollman B, Licastro D, Xie M, Mikesell R, Schmidt R, et al. 
TREM2 regulates microglial cell activation in response to demyelination 
in vivo. Acta Neuropathol. 2015;129(3):429–47.

 28. Li X, Long J, He T, Belshaw R, Scott J. Integrated genomic approaches 
identify major pathways and upstream regulators in late onset Alzhei‑
mer’s disease. Sci Rep. 2015;5:12393.

 29. Shirotani K, Hori Y, Yoshizaki R, Higuchi E, Colonna M, Saito T, et al. Ami‑
nophospholipids are signal‑transducing TREM2 ligands on apoptotic 
cells. Sci Rep. 2019;9(1):7508.

 30. Keren‑Shaul H, Spinrad A, Weiner A, Matcovitch‑Natan O, Dvir‑Sztern‑
feld R, Ulland TK, et al. A unique microglia type associated with restrict‑
ing development of Alzheimer’s disease. Cell. 2017;169(7):1276‑90 e17.

 31. Loving BA, Bruce KD. Lipid and lipoprotein metabolism in microglia. 
Front Physiol. 2020;11:393.

 32. Gerritsen AA, Bakker C, Verhey FR, de Vugt ME, Melis RJ, Koopmans RT, 
et al. Prevalence of comorbidity in patients with young‑onset alzheimer 
disease compared with late‑onset: a comparative cohort study. J Am 
Med Dir Assoc. 2016;17(4):318–23.

 33. Anstey KJ, Cherbuin N, Budge M, Young J. Body mass index in midlife 
and late‑life as a risk factor for dementia: a meta‑analysis of prospective 
studies. Obes Rev. 2011;12(5):e426–37.

 34. Newman AB, Fitzpatrick AL, Lopez O, Jackson S, Lyketsos C, Jagust W, 
et al. Dementia and Alzheimer’s disease incidence in relationship to 
cardiovascular disease in the cardiovascular health study cohort. J Am 
Geriatr Soc. 2005;53(7):1101–7.

 35. Kim DG, Krenz A, Toussaint LE, Maurer KJ, Robinson SA, Yan A, et al. Non‑
alcoholic fatty liver disease induces signs of Alzheimer’s disease (AD) 
in wild‑type mice and accelerates pathological signs of AD in an AD 
model. J Neuroinflammation. 2016;13:1.

 36. Ross R, Harker L. Hyperlipidemia and atherosclerosis. Science. 
1976;193(4258):1094–100.

 37. Cohen JC, Horton JD, Hobbs HH. Human fatty liver disease: old ques‑
tions and new insights. Science. 2011;332(6037):1519–23.

 38. Vacca M, Allison M, Griffin JL, Vidal‑Puig A. Fatty acid and glucose sen‑
sors in hepatic lipid metabolism: implications in NAFLD. Semin Liver 
Dis. 2015;35(3):250–61.

 39. O’Reilly ME, Kajani S, Ralston JC, Lenighan YM, Roche HM, McGil‑
licuddy FC. Nutritionally derived metabolic cues typical of the obese 
microenvironment increase cholesterol efflux capacity of adipose tissue 
macrophages. Mol Nutr Food Res. 2019;63(2):e1800713.

 40. Carroll RG, Zaslona Z, Galvan‑Pena S, Koppe EL, Sevin DC, Angiari S, 
et al. An unexpected link between fatty acid synthase and cholesterol 
synthesis in proinflammatory macrophage activation. J Biol Chem. 
2018;293(15):5509–21.

 41. Choi SH, Hong ES, Lim S. Clinical implications of adipocytokines and 
newly emerging metabolic factors with relation to insulin resistance 
and cardiovascular health. Front Endocrinol (Lausanne). 2013;4:97.

 42. Paloneva J, Manninen T, Christman G, Hovanes K, Mandelin J, Adolfsson 
R, et al. Mutations in two genes encoding different subunits of a recep‑
tor signaling complex result in an identical disease phenotype. Am J 
Hum Genet. 2002;71(3):656–62.

 43. Andreone BJ, Przybyla L, Llapashtica C, Rana A, Davis SS, van Lengerich 
B, et al. Alzheimer’s‑associated PLCgamma2 is a signaling node required 
for both TREM2 function and the inflammatory response in human 
microglia. Nat Neurosci. 2020;23(8):927–38.

 44. Park J, Wetzel I, Marriott I, Dreau D, D’Avanzo C, Kim DY, et al. A 3D 
human triculture system modeling neurodegeneration and neuroin‑
flammation in Alzheimer’s disease. Nat Neurosci. 2018;21(7):941–51.

 45. Noda M, Suzumura A. Sweepers in the CNS: microglial migration and 
phagocytosis in the Alzheimer disease pathogenesis. Int J Alzheimers 
Dis. 2012;2012:891087.

 46. Atagi Y, Liu CC, Painter MM, Chen XF, Verbeeck C, Zheng H, et al. Apoli‑
poprotein E is a ligand for Triggering Receptor Expressed on Myeloid 
Cells 2 (TREM2). J Biol Chem. 2015;290(43):26043–50.

 47. Bailey CC, DeVaux LB, Farzan M. The triggering receptor 
expressed on myeloid cells 2 binds Apolipoprotein E. J Biol Chem. 
2015;290(43):26033–42.

 48. Raffai RL, Dong LM, Farese RV Jr, Weisgraber KH. Introduction of human 
apolipoprotein E4 “domain interaction” into mouse apolipoprotein E. 
Proc Natl Acad Sci U S A. 2001;98(20):11587–91.

 49. Rapp A, Gmeiner B, Huttinger M. Implication of apoE isoforms in choles‑
terol metabolism by primary rat hippocampal neurons and astrocytes. 
Biochimie. 2006;88(5):473–83.

 50. Holtzman DM, Herz J, Bu G. Apolipoprotein E and Apolipoprotein E 
receptors: normal biology and roles in Alzheimer disease. Cold Spring 
Harb Perspect Med. 2012;2(3):a006312‑a.



Page 16 of 19Li et al. Molecular Neurodegeneration           (2022) 17:40 

 51. Krasemann S, Madore C, Cialic R, Baufeld C, Calcagno N, El Fatimy R, 
et al. The TREM2‑APOE pathway drives the transcriptional phenotype 
of dysfunctional microglia in neurodegenerative diseases. Immunity. 
2017;47(3):566‑81 e9.

 52. Sudom A, Talreja S, Danao J, Bragg E, Kegel R, Min X, et al. Molecular 
basis for the loss‑of‑function effects of the Alzheimer’s disease‑
associated R47H variant of the immune receptor TREM2. J Biol Chem. 
2018;293(32):12634–46.

 53. Sims R, van der Lee SJ, Naj AC, Bellenguez C, Badarinarayan N, Jakobs‑
dottir J, et al. Rare coding variants in PLCG2, ABI3, and TREM2 implicate 
microglial‑mediated innate immunity in Alzheimer’s disease. Nat Genet. 
2017;49(9):1373–84.

 54. Kadamur G, Ross EM. Mammalian phospholipase C. Annu Rev Physiol. 
2013;75:127–54.

 55. Ghosh S. Macrophage cholesterol homeostasis and metabolic diseases: 
critical role of cholesteryl ester mobilization. Expert Rev Cardiovasc 
Ther. 2011;9(3):329–40.

 56. Martin MG, Pfrieger F, Dotti CG. Cholesterol in brain disease: 
sometimes determinant and frequently implicated. EMBO Rep. 
2014;15(10):1036–52.

 57. Ellwanger DC, Wang S, Brioschi S, Shao Z, Green L, Case R, et al. Prior 
activation state shapes the microglia response to antihuman TREM2 
in a mouse model of Alzheimer’s disease. Proc Natl Acad Sci U S A. 
2021;118(3):e2017742118.

 58. Wood H. TREM2 activation promotes remyelination. Nat Rev Neurol. 
2020;16(10):522.

 59. Manich G, Gómez‑López A, Almolda B, Villacampa N, Recasens 
M, Shrivastava K, et al. Differential roles of TREM2+ microglia in 
anterograde and retrograde axonal injury models. Front Cell Neurosci. 
2020;14:567404.

 60. Lee CY, Tse W, Smith JD, Landreth GE. Apolipoprotein E promotes 
beta‑amyloid trafficking and degradation by modulating microglial 
cholesterol levels. J Biol Chem. 2012;287(3):2032–44.

 61. Filipello F, Morini R, Corradini I, Zerbi V, Canzi A, Michalski B, et al. The 
microglial innate immune receptor TREM2 is required for synapse 
elimination and normal brain connectivity. Immunity. 2018;48(5):979‑91 
e8.

 62. Fitz NF, Nam KN, Wolfe CM, Letronne F, Playso BE, Iordanova BE, et al. 
Phospholipids of APOE lipoproteins activate microglia in an isoform‑
specific manner in preclinical models of Alzheimer’s disease. Nat Com‑
mun. 2021;12(1):3416.

 63. Peng Q, Long CL, Malhotra S, Humphrey MB. A physical interac‑
tion between the adaptor proteins DOK3 and DAP12 is required 
to inhibit lipopolysaccharide signaling in macrophages. Sci Signal. 
2013;6(289):ra72.

 64. Wunderlich P, Glebov K, Kemmerling N, Tien NT, Neumann H, Walter J. 
Sequential proteolytic processing of the triggering receptor expressed 
on myeloid cells‑2 (TREM2) protein by ectodomain shedding and 
gamma‑secretase‑dependent intramembranous cleavage. J Biol Chem. 
2013;288(46):33027–36.

 65. Takalo M, Wittrahm R, Wefers B, Parhizkar S, Jokivarsi K, Kuulasmaa T, 
et al. The Alzheimer’s disease‑associated protective Plcgamma2‑P522R 
variant promotes immune functions. Mol Neurodegener. 2020;15(1):52.

 66. Cao J, Huang M, Guo L, Zhu L, Hou J, Zhang L, et al. MicroRNA‑195 
rescues ApoE4‑induced cognitive deficits and lysosomal defects in 
Alzheimer’s disease pathogenesis. Mol Psychiatry. 2021;26(9):4687–701.

 67. Rangaraju S, Dammer EB, Raza SA, Rathakrishnan P, Xiao H, Gao T, et al. 
Identification and therapeutic modulation of a pro‑inflammatory 
subset of disease‑associated‑microglia in Alzheimer’s disease. Mol 
Neurodegener. 2018;13(1):24.

 68. McQuade A, Kang YJ, Hasselmann J, Jairaman A, Sotelo A, Coburn M, 
et al. Gene expression and functional deficits underlie TREM2‑knockout 
microglia responses in human models of Alzheimer’s disease. Nat Com‑
mun. 2020;11(1):5370.

 69. Deczkowska A, Keren‑Shaul H, Weiner A, Colonna M, Schwartz M, Amit 
I. Disease‑associated microglia: a universal immune sensor of neurode‑
generation. Cell. 2018;173(5):1073–81.

 70. Hu Y, Fryatt GL, Ghorbani M, Obst J, Menassa DA, Martin‑Estebane 
M, et al. Replicative senescence dictates the emergence of disease‑
associated microglia and contributes to abeta pathology. Cell Rep. 
2021;35(10):109228.

 71. Zheng H, Liu CC, Atagi Y, Chen XF, Jia L, Yang L, et al. Opposing roles 
of the triggering receptor expressed on myeloid cells 2 and trigger‑
ing receptor expressed on myeloid cells‑like transcript 2 in microglia 
activation. Neurobiol Aging. 2016;42:132–41.

 72. Guerreiro R, Wojtas A, Bras J, Carrasquillo M, Rogaeva E, Majou‑
nie E, et al. TREM2 variants in Alzheimer’s disease. N Engl J Med. 
2013;368(2):117–27.

 73. Chan RB, Oliveira TG, Cortes EP, Honig LS, Duff KE, Small SA, et al. 
Comparative lipidomic analysis of mouse and human brain with 
Alzheimer disease. J Biol Chem. 2012;287(4):2678–88.

 74. Landman N, Jeong SY, Shin SY, Voronov SV, Serban G, Kang MS, et al. 
Presenilin mutations linked to familial Alzheimer’s disease cause an 
imbalance in phosphatidylinositol 4,5‑bisphosphate metabolism. 
Proc Natl Acad Sci U S A. 2006;103(51):19524–9.

 75. McLaurin J, Franklin T, Chakrabartty A, Fraser PE. Phosphatidylinositol 
and inositol involvement in Alzheimer amyloid‑beta fibril growth and 
arrest. J Mol Biol. 1998;278(1):183–94.

 76. Niu Z, Zhao W, Zhang Z, Xiao F, Tang X, Yang J. The molecular 
structure of Alzheimer beta‑amyloid fibrils formed in the presence of 
phospholipid vesicles. Angew Chem Int Ed Engl. 2014;53(35):9294–7.

 77. Shea TB. Phospholipids alter tau conformation, phosphorylation, 
proteolysis, and association with microtubules: Implication for tau 
function under normal and degenerative conditions. J Neurosci Res. 
1997;50(1):114–22.

 78. Cao J, Gaamouch FE, Meabon JS, Meeker KD, Zhu L, Zhong MB, et al. 
ApoE4‑associated phospholipid dysregulation contributes to devel‑
opment of Tau hyper‑phosphorylation after traumatic brain injury. 
Sci Rep. 2017;7(1):11372.

 79. Song W, Hooli B, Mullin K, Jin SC, Cella M, Ulland TK, et al. Alzhei‑
mer’s disease‑associated TREM2 variants exhibit either decreased 
or increased ligand‑dependent activation. Alzheimers Dement. 
2017;13(4):381–7.

 80. Magno L, Lessard CB, Martins M, Lang V, Cruz P, Asi Y, et al. Alzheimer’s 
disease phospholipase C‑gamma‑2 (PLCG2) protective variant is a 
functional hypermorph. Alzheimers Res Ther. 2019;11(1):16.

 81. Nam KN, Mounier A, Wolfe CM, Fitz NF, Carter AY, Castranio EL, et al. 
Effect of high fat diet on phenotype, brain transcriptome and lipi‑
dome in Alzheimer’s model mice. Sci Rep. 2017;7(1):4307.

 82. Walker JM, Dixit S, Saulsberry AC, May JM, Harrison FE. Reversal of 
high fat diet‑induced obesity improves glucose tolerance, inflamma‑
tory response, beta‑amyloid accumulation and cognitive decline in 
the APP/PSEN1 mouse model of Alzheimer’s disease. Neurobiol Dis. 
2017;100:87–98.

 83. van Tits LJ, Stienstra R, van Lent PL, Netea MG, Joosten LA, Stalenhoef 
AF. Oxidized LDL enhances pro‑inflammatory responses of alterna‑
tively activated M2 macrophages: a crucial role for Kruppel‑like factor 
2. Atherosclerosis. 2011;214(2):345–9.

 84. Shi H, Kokoeva MV, Inouye K, Tzameli I, Yin H, Flier JS. TLR4 links innate 
immunity and fatty acid‑induced insulin resistance. J Clin Invest. 
2006;116(11):3015–25.

 85. Roden M, Price TB, Perseghin G, Petersen KF, Rothman DL, Cline 
GW, et al. Mechanism of free fatty acid‑induced insulin resistance in 
humans. J Clin Invest. 1996;97(12):2859–65.

 86. Savage DB, Petersen KF, Shulman GI. Disordered lipid metabo‑
lism and the pathogenesis of insulin resistance. Physiol Rev. 
2007;87(2):507–20.

 87. Heneka MT, Carson MJ, Khoury JE, Landreth GE, Brosseron F, Feinstein 
DL, et al. Neuroinflammation in Alzheimer’s disease. Lancet Neurol. 
2015;14(4):388–405.

 88. Koyama A, O’Brien J, Weuve J, Blacker D, Metti AL, Yaffe K. The role of 
peripheral inflammatory markers in dementia and Alzheimer’s disease: 
a meta‑analysis. J Gerontol A Biol Sci Med Sci. 2013;68(4):433–40.

 89. Tabassum S, Misrani A, Yang L. Exploiting common aspects of obesity 
and Alzheimer’s disease. Front Hum Neurosci. 2020;14:602360.

 90. Talbot K, Wang H‑Y, Kazi H, Han L‑Y, Bakshi KP, Stucky A, et al. Demon‑
strated brain insulin resistance in Alzheimer’s disease patients is associ‑
ated with IGF‑1 resistance, IRS‑1 dysregulation, and cognitive decline. J 
Clin Invest. 2012;122(4):1316–38.

 91. Lobstein T. Obesity prevention and the global syndemic: chal‑
lenges and opportunities for the world obesity federation. Obes Rev. 
2019;20(Suppl 2):6–9.



Page 17 of 19Li et al. Molecular Neurodegeneration           (2022) 17:40  

 92. Katsiki N, Anagnostis P, Kotsa K, Goulis DG, Mikhailidis DP. Obesity, meta‑
bolic syndrome and the risk of microvascular complications in patients 
with diabetes mellitus. Curr Pharm Des. 2019;25(18):2051–9.

 93. Opio J, Croker E, Odongo GS, Attia J, Wynne K, McEvoy M. Metaboli‑
cally healthy overweight/obesity are associated with increased risk of 
cardiovascular disease in adults, even in the absence of metabolic risk 
factors: a systematic review and meta‑analysis of prospective cohort 
studies. Obes Rev. 2020;21(12):e13127.

 94. Park M, Yi JW, Kim EM, Yoon IJ, Lee EH, Lee HY, et al. Triggering receptor 
expressed on myeloid cells 2 (TREM2) promotes adipogenesis and diet‑
induced obesity. Diabetes. 2015;64(1):117–27.

 95. Grant RW, Vester Boler BM, Ridge TK, Graves TK, Swanson KS. Skeletal 
muscle tissue transcriptome differences in lean and obese female 
beagle dogs. Anim Genet. 2013;44(5):560–8.

 96. Fujimoto S, Goda T, Mochizuki K. In vivo evidence of enhanced di‑meth‑
ylation of histone H3 K4 on upregulated genes in adipose tissue of dia‑
betic db/db mice. Biochem Biophys Res Commun. 2011;404(1):223–7.

 97. Liu C, Li P, Li H, Wang S, Ding L, Wang H, et al. TREM2 regulates obesity‑
induced insulin resistance via adipose tissue remodeling in mice of 
high‑fat feeding. J Transl Med. 2019;17(1):300.

 98. Jaitin DA, Adlung L, Thaiss CA, Weiner A, Li B, Descamps H, et al. Lipid‑
associated macrophages control metabolic homeostasis in a Trem2‑
dependent manner. Cell. 2019;178(3):686‑98.e14.

 99. Sharif O, Brunner JS, Korosec A, Martins R, Jais A, Snijder B, et al. Ben‑
eficial Metabolic Effects of TREM2 in Obesity Are Uncoupled From Its 
Expression on Macrophages. Diabetes. 2021;70(9):2042–57.

 100. Dahik VD, Frisdal E, Le Goff W. Rewiring of lipid metabolism in adipose 
tissue macrophages in obesity: impact on insulin resistance and Type 2 
diabetes. Int J Mol Sci. 2020;21(15):5505.

 101. van Diepen JA, Berbee JF, Havekes LM, Rensen PC. Interactions 
between inflammation and lipid metabolism: relevance for efficacy of 
anti‑inflammatory drugs in the treatment of atherosclerosis. Atheroscle‑
rosis. 2013;228(2):306–15.

 102. Vinuesa A, Pomilio C, Gregosa A, Bentivegna M, Presa J, Bellotto M, et al. 
Inflammation and insulin resistance as risk factors and potential thera‑
peutic targets for Alzheimer’s disease. Front Neurosci. 2021;15:653651.

 103. Dong XY, Tang SQ. Insulin‑induced gene: a new regulator in lipid 
metabolism. Peptides. 2010;31(11):2145–50.

 104. Paulson KE, Zhu SN, Chen M, Nurmohamed S, Jongstra‑Bilen J, Cybulsky 
MI. Resident intimal dendritic cells accumulate lipid and contribute to 
the initiation of atherosclerosis. Circ Res. 2010;106(2):383–90.

 105. Tacke F, Alvarez D, Kaplan TJ, Jakubzick C, Spanbroek R, Llodra J, 
et al. Monocyte subsets differentially employ CCR2, CCR5, and 
CX3CR1 to accumulate within atherosclerotic plaques. J Clin Invest. 
2007;117(1):185–94.

 106. Robbins CS, Hilgendorf I, Weber GF, Theurl I, Iwamoto Y, Figueiredo JL, 
et al. Local proliferation dominates lesional macrophage accumulation 
in atherosclerosis. Nat Med. 2013;19(9):1166–72.

 107. Cochain C, Vafadarnejad E, Arampatzi P, Pelisek J, Winkels H, Ley K, 
et al. Single‑Cell RNA‑Seq reveals the transcriptional landscape and 
heterogeneity of aortic macrophages in murine atherosclerosis. Circ 
Res. 2018;122(12):1661–74.

 108. Cole JE, Park I, Ahern DJ, Kassiteridi C, Danso Abeam D, Goddard ME, 
et al. Immune cell census in murine atherosclerosis: cytometry by time 
of flight illuminates vascular myeloid cell diversity. Cardiovasc Res. 
2018;114(10):1360–71.

 109. Willemsen L, de Winther M. Macrophage subsets in atherosclerosis as 
defined by single‑cell technologies. J Pathol. 2020;250(5):705–14.

 110. Rai V, Rao VH, Shao Z, Agrawal DK. Dendritic cells expressing triggering 
receptor expressed on myeloid cells‑1 correlate with plaque stability in 
symptomatic and asymptomatic patients with carotid stenosis. PLoS 
ONE. 2016;11(5):e0154802.

 111. Abd‑Elrahman I, Kosuge H, Wises Sadan T, Ben‑Nun Y, Meir K, Rubinstein 
C, et al. Cathepsin activity‑based probes and inhibitor for preclini‑
cal atherosclerosis imaging and macrophage depletion. PLoS ONE. 
2016;11(8):e0160522.

 112. Abd‑Elrahman I, Meir K, Kosuge H, Ben‑Nun Y, Weiss Sadan T, Rubinstein 
C, et al. Characterizing cathepsin activity and macrophage subtypes in 
excised human carotid plaques. Stroke. 2016;47(4):1101–8.

 113. Hume DA, Summers KM, Raza S, Baillie JK, Freeman TC. Functional 
clustering and lineage markers: insights into cellular differentiation and 

gene function from large‑scale microarray studies of purified primary 
cell populations. Genomics. 2010;95(6):328–38.

 114. Creager MD, Hohl T, Hutcheson JD, Moss AJ, Schlotter F, Blaser MC, 
et al. (18)F‑Fluoride signal amplification identifies microcalcifications 
associated with atherosclerotic plaque instability in positron emission 
tomography/computed tomography images. Circ Cardiovasc Imaging. 
2019;12(1):e007835.

 115. Langin D. Adipose tissue lipolysis as a metabolic pathway to define 
pharmacological strategies against obesity and the metabolic syn‑
drome. Pharmacol Res. 2006;53(6):482–91.

 116. Bellentani S. The epidemiology of non‑alcoholic fatty liver disease. Liver 
Int. 2017;37(Suppl 1):81–4.

 117. Hou J, Zhang J, Cui P, Zhou Y, Liu C, Wu X, et al. TREM2 sustains 
macrophage‑hepatocyte metabolic coordination in nonalcoholic fatty 
liver disease and sepsis. J Clin Invest. 2021;131(4):e135197.

 118. Coelho I, Duarte N, Barros A, Macedo MP, Penha‑Goncalves C. Trem‑2 
Promotes Emergence of Restorative Macrophages and Endothelial 
Cells During Recovery From Hepatic Tissue Damage. Front Immunol. 
2020;11:616044.

 119. Remmerie A, Martens L, Scott CL. Macrophage subsets in obesity, 
aligning the liver and adipose tissue. Front Endocrinol (Lausanne). 
2020;11:259.

 120. Estrada LD, Ahumada P, Cabrera D, Arab JP. Liver dysfunction as a novel 
player in alzheimer’s progression: looking outside the brain. Front Aging 
Neurosci. 2019;11:174.

 121. Wang J, Gu BJ, Masters CL, Wang Y‑J. Erratum: a systemic view of Alzhei‑
mer disease — insights from amyloid‑β metabolism beyond the brain. 
Nat Rev Neurol. 2017;13(11):703‑.

 122. Lam V, Takechi R, Hackett MJ, Francis R, Bynevelt M, Celliers LM, 
et al. Synthesis of human amyloid restricted to liver results in an 
Alzheimer disease‑like neurodegenerative phenotype. PLoS Biol. 
2021;19(9):e3001358.

 123. Jay TR, Hirsch AM, Broihier ML, Miller CM, Neilson LE, Ransohoff RM, 
et al. Disease progression‑dependent effects of trem2 deficiency in a 
mouse model of Alzheimer’s disease. J Neurosci. 2017;37(3):637–47.

 124. Tan YJ, Ng ASL, Vipin A, Lim JKW, Chander RJ, Ji F, et al. Higher peripheral 
TREM2 mRNA levels relate to cognitive deficits and hippocampal atro‑
phy in Alzheimer’s disease and amnestic mild cognitive impairment. J 
Alzheimers Dis. 2017;58(2):413–23.

 125. Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante 
AW Jr. Obesity is associated with macrophage accumulation in adipose 
tissue. J Clin Invest. 2003;112(12):1796–808.

 126. Bieghs V, Wouters K, van Gorp PJ, Gijbels MJ, de Winther MP, Binder 
CJ, et al. Role of scavenger receptor A and CD36 in diet‑induced 
nonalcoholic steatohepatitis in hyperlipidemic mice. Gastroenterology. 
2010;138(7):2477–86, 86 e1‑3.

 127. Fuhrman B, Partoush A, Volkova N, Aviram M. Ox‑LDL induces 
monocyte‑to‑macrophage differentiation in vivo: possible role for the 
macrophage colony stimulating factor receptor (M‑CSF‑R). Atheroscle‑
rosis. 2008;196(2):598–607.

 128. Maslowski KM, Vieira AT, Ng A, Kranich J, Sierro F, Yu D, et al. Regulation 
of inflammatory responses by gut microbiota and chemoattractant 
receptor GPR43. Nature. 2009;461(7268):1282–6.

 129. Wang J, Wu X, Simonavicius N, Tian H, Ling L. Medium‑chain fatty acids 
as ligands for orphan g protein‑coupled receptor GPR84. J Biol Chem. 
2006;281(45):34457–64.

 130. Cong W‑N, Tao R‑Y, Tian J‑Y, Liu G‑T, Ye F. The establishment of a novel 
non‑alcoholic steatohepatitis model accompanied with obesity and 
insulin resistance in mice. Life Sci. 2008;82(19–20):983–90.

 131. Turnbull IR, Gilfillan S, Cella M, Aoshi T, Miller M, Piccio L, et al. Cut‑
ting edge: TREM‑2 attenuates macrophage activation. J Immunol. 
2006;177(6):3520–4.

 132. Hamerman JA, Jarjoura JR, Humphrey MB, Nakamura MC, Seaman WE, 
Lanier LL. Cutting edge: inhibition of TLR and FcR responses in mac‑
rophages by triggering receptor expressed on myeloid cells (TREM)‑2 
and DAP12. J Immunol. 2006;177(4):2051–5.

 133. Ramachandran P, Dobie R, Wilson‑Kanamori JR, Dora EF, Henderson 
BEP, Luu NT, et al. Resolving the fibrotic niche of human liver cirrhosis at 
single‑cell level. Nature. 2019;575(7783):512–8.

 134. Harasymowicz NS, Rashidi N, Savadipour A, Wu CL, Tang R, Bramley 
J, et al. Single‑cell RNA sequencing reveals the induction of novel 



Page 18 of 19Li et al. Molecular Neurodegeneration           (2022) 17:40 

myeloid and myeloid‑associated cell populations in visceral fat with 
long‑term obesity. FASEB J. 2021;35(3):e21417.

 135. Chawla A. Control of macrophage activation and function by PPARs. 
Circ Res. 2010;106(10):1559–69.

 136. Pincon A, De Montgolfier O, Akkoyunlu N, Daneault C, Pouliot P, 
Villeneuve L, et al. Non‑alcoholic fatty liver disease, and the underly‑
ing altered fatty acid metabolism, reveals brain hypoperfusion and 
contributes to the cognitive decline in APP/PS1 Mice. Metabolites. 
2019;9(5):104.

 137. Verderio C, Muzio L, Turola E, Bergami A, Novellino L, Ruffini F, et al. 
Myeloid microvesicles are a marker and therapeutic target for neuroin‑
flammation. Ann Neurol. 2012;72(4):610–24.

 138. Bermejo P, Martin‑Aragon S, Benedi J, Susin C, Felici E, Gil P, et al. 
Differences of peripheral inflammatory markers between mild 
cognitive impairment and Alzheimer’s disease. Immunol Lett. 
2008;117(2):198–202.

 139. Tan ZS, Beiser AS, Vasan RS, Roubenoff R, Dinarello CA, Harris TB, et al. 
Inflammatory markers and the risk of Alzheimer disease: the framing‑
ham study. Neurology. 2007;68(22):1902–8.

 140. Walter J. The triggering receptor expressed on myeloid Cells 2: a 
molecular link of neuroinflammation and neurodegenerative diseases. J 
Biol Chem. 2016;291(9):4334–41.

 141. Gierach M, Junik R. Insulin resistance in metabolic syndrome depending 
on the occurrence of its components. Endokrynol Pol. 2021;72(3):243–8.

 142. van der Heijden RA, Sheedfar F, Morrison MC, Hommelberg PP, Kor D, 
Kloosterhuis NJ, et al. High‑fat diet induced obesity primes inflamma‑
tion in adipose tissue prior to liver in C57BL/6j mice. Aging (Albany NY). 
2015;7(4):256–68.

 143. Jani S, Da Eira D, Hadday I, Bikopoulos G, Mohasses A, de Pinho RA, et al. 
Distinct mechanisms involving diacylglycerol, ceramides, and inflam‑
mation underlie insulin resistance in oxidative and glycolytic muscles 
from high fat‑fed rats. Sci Rep. 2021;11(1):19160.

 144. Jalili M, Hekmatdoost A. Dietary omega‑3 fatty acids and their influ‑
ence on inflammation via toll‑like receptor pathways. Nutrition. 
2021;85:111070.

 145. Subramanian S, Pallati PK, Rai V, Sharma P, Agrawal DK, Nandipati KC. 
Increased expression of triggering receptor expressed on myeloid 
cells‑1 in the population with obesity and insulin resistance. Obesity 
(Silver Spring). 2017;25(3):527–38.

 146. Holland WL, Bikman BT, Wang LP, Yuguang G, Sargent KM, Bulchand S, 
et al. Lipid‑induced insulin resistance mediated by the proinflammatory 
receptor TLR4 requires saturated fatty acid‑induced ceramide biosyn‑
thesis in mice. J Clin Invest. 2011;121(5):1858–70.

 147. Chavez JA, Siddique MM, Wang ST, Ching J, Shayman JA, Summers SA. 
Ceramides and glucosylceramides are independent antagonists of 
insulin signaling. J Biol Chem. 2014;289(2):723–34.

 148. Lyn‑Cook LE, Lawton M, Tong M, Silbermann E, Longato L, Jiao P, et al. 
Hepatic ceramide may mediate brain insulin resistance and neuro‑
degeneration in Type 2 diabetes and non‑alcoholic steatohepatitis. J 
Alzheimers Dis. 2009;16(4):715–29.

 149. Porter D, Faivre E, Flatt PR, Holscher C, Gault VA. Actions of incretin 
metabolites on locomotor activity, cognitive function and in vivo 
hippocampal synaptic plasticity in high fat fed mice. Peptides. 
2012;35(1):1–8.

 150. Sripetchwandee J, Pipatpiboon N, Pratchayasakul W, Chattipakorn N, 
Chattipakorn SC. DPP‑4 inhibitor and PPARgamma agonist restore the 
loss of CA1 dendritic spines in obese insulin‑resistant rats. Arch Med 
Res. 2014;45(7):547–52.

 151. Lane RF, Raines SM, Steele JW, Ehrlich ME, Lah JA, Small SA, et al. Diabe‑
tes‑associated SorCS1 regulates Alzheimer’s amyloid‑beta metabolism: 
evidence for involvement of SorL1 and the retromer complex. J Neuro‑
sci. 2010;30(39):13110–5.

 152. Lane RF, Steele JW, Cai D, Ehrlich ME, Attie AD, Gandy S. Protein sorting 
motifs in the cytoplasmic tail of SorCS1 control generation of Alzhei‑
mer’s amyloid‑beta peptide. J Neurosci. 2013;33(16):7099–107.

 153. Jope RS, Yuskaitis CJ, Beurel E. Glycogen synthase kinase‑3 (GSK3): 
inflammation, diseases, and therapeutics. Neurochem Res. 
2007;32(4–5):577–95.

 154. Li H, Yang S, Wu J, Ji L, Zhu L, Cao L, et al. cAMP/PKA signaling pathway 
contributes to neuronal apoptosis via regulating IDE expression in a 

mixed model of type 2 diabetes and Alzheimer’s disease. J Cell Bio‑
chem. 2018;119(2):1616–26.

 155. Qin Q, Teng Z, Liu C, Li Q, Yin Y, Tang Y. TREM2, microglia, and Alzhei‑
mer’s disease. Mech Ageing Dev. 2021;195:111438.

 156. Miller MC, Tavares R, Johanson CE, Hovanesian V, Donahue JE, Gonzalez 
L, et al. Hippocampal RAGE immunoreactivity in early and advanced 
Alzheimer’s disease. Brain Res. 2008;1230:273–80.

 157. Sharma S, Prasanthi RPJ, Schommer E, Feist G, Ghribi O. Hypercholester‑
olemia‑induced Abeta accumulation in rabbit brain is associated with 
alteration in IGF‑1 signaling. Neurobiol Dis. 2008;32(3):426–32.

 158. Yarchoan M, Xie S, Kling M, Toledo J, Wolk D, Lee E, et al. Cerebrovascu‑
lar atherosclerosis correlates with Alzheimer pathology in neurodegen‑
erative dementias. Brain. 2012;135:3749–56.

 159. Astarita G, Jung KM, Berchtold NC, Nguyen VQ, Gillen DL, Head E, 
et al. Deficient liver biosynthesis of docosahexaenoic acid corre‑
lates with cognitive impairment in Alzheimer’s disease. PLoS ONE. 
2010;5(9):e12538.

 160. Takechi R, Galloway S, Pallebage‑Gamarallage MMS, Lam V, Mamo JCL. 
Dietary fats, cerebrovasculature integrity and Alzheimer’s disease risk. 
Prog Lipid Res. 2010;49(2):159–70.

 161. Andreone BJ, Chow BW, Tata A, Lacoste B, Ben‑Zvi A, Bullock K, et al. 
Blood‑brain barrier permeability is regulated by lipid transport‑
dependent suppression of caveolae‑mediated transcytosis. Neuron. 
2017;94(3):581‑94 e5.

 162. Bekris LM, Khrestian M, Dyne E, Shao Y, Pillai JA, Rao SM, et al. Soluble 
TREM2 and biomarkers of central and peripheral inflammation in 
neurodegenerative disease. J Neuroimmunol. 2018;319:19–27.

 163. Rauchmann BS, Sadlon A, Perneczky R, Alzheimer’s Disease Neuroimag‑
ing I. Soluble TREM2 and inflammatory proteins in Alzheimer’s disease 
cerebrospinal fluid. J Alzheimers Dis. 2020;73(4):1615–26.

 164. Zuliani G, Cavalieri M, Galvani M, Passaro A, Munari MR, Bosi C, 
et al. Markers of endothelial dysfunction in older subjects with 
late onset Alzheimer’s disease or vascular dementia. J Neurol Sci. 
2008;272(1–2):164–70.

 165. Montagne A, Barnes SR, Sweeney MD, Halliday MR, Sagare AP, Zhao Z, 
et al. Blood‑brain barrier breakdown in the aging human hippocampus. 
Neuron. 2015;85(2):296–302.

 166. Ouyang S, Hsuchou H, Kastin AJ, Wang Y, Yu C, Pan W. Diet‑induced 
obesity suppresses expression of many proteins at the blood‑brain bar‑
rier. J Cereb Blood Flow Metab. 2014;34(1):43–51.

 167. Bondia‑Pons I, Boqué N, Paternain L, Santamaría E, Fernández J, 
Campión J, et al. Liver proteome changes induced by a short‑term 
high‑fat sucrose diet in wistar rats. J Nutrigenet Nutrigenomics. 
2011;4(6):344–53.

 168. Kober AC, Manavalan APC, Tam‑Amersdorfer C, Holmer A, Saeed A, 
Fanaee‑Danesh E, et al. Implications of cerebrovascular ATP‑binding 
cassette transporter G1 (ABCG1) and apolipoprotein M in cholesterol 
transport at the blood‑brain barrier. Biochim Biophys Acta Mol Cell Biol 
Lipids. 2017;1862(6):573–88.

 169. Karmi A, Iozzo P, Viljanen A, Hirvonen J, Fielding BA, Virtanen K, et al. 
Increased brain fatty acid uptake in metabolic syndrome. Diabetes. 
2010;59(9):2171–7.

 170. Saeed AA, Genove G, Li T, Lutjohann D, Olin M, Mast N, et al. Effects of a 
disrupted blood‑brain barrier on cholesterol homeostasis in the brain. J 
Biol Chem. 2014;289(34):23712–22.

 171. Bennett M, Chin A, Lee HJ, Morales Cestero E, Strazielle N, Ghersi‑Egea 
JF, et al. Proteoglycan 4 reduces Neuroinflammation and protects 
the blood‑brain barrier after traumatic brain injury. J Neurotrauma. 
2021;38(4):385–98.

 172. Kim JM, Lee U, Kang JY, Park SK, Shin EJ, Kim HJ, et al. Anti‑amnesic 
effect of walnut via the regulation of BBB function and neuro‑
inflammation in abeta1–42‑induced mice. Antioxidants (Basel). 
2020;9(10):976.

 173. Erickson MA, Dohi K, Banks WA. Neuroinflammation: a common path‑
way in CNS diseases as mediated at the blood‑brain barrier. NeuroIm‑
munoModulation. 2012;19(2):121–30.

 174. Yamamoto M, Guo DH, Hernandez CM, Stranahan AM. Endothelial 
adora2a activation promotes blood‑brain barrier breakdown and 
cognitive impairment in mice with diet‑induced insulin resistance. J 
Neurosci. 2019;39(21):4179–92.



Page 19 of 19Li et al. Molecular Neurodegeneration           (2022) 17:40  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 175. Ogata S, Ito S, Masuda T, Ohtsuki S. Changes of blood‑brain barrier and 
brain parenchymal protein expression levels of mice under different 
insulin‑resistance conditions induced by high‑fat diet. Pharm Res. 
2019;36(10):141.

 176. Hooper C, Pinteaux‑Jones F, Fry VA, Sevastou IG, Baker D, Heales SJ, et al. 
Differential effects of albumin on microglia and macrophages; implica‑
tions for neurodegeneration following blood‑brain barrier damage. J 
Neurochem. 2009;109(3):694–705.

 177. Hernandez‑Ontiveros DG, Tajiri N, Acosta S, Giunta B, Tan J, Borlongan 
CV. Microglia activation as a biomarker for traumatic brain injury. Front 
Neurol. 2013;4:30.

 178. Lue LF, Schmitz CT, Serrano G, Sue LI, Beach TG, Walker DG. TREM2 pro‑
tein expression changes correlate with Alzheimer’s disease neurode‑
generative pathologies in post‑mortem temporal cortices. Brain Pathol. 
2015;25(4):469–80.

 179. Hickman SE, El Khoury J. TREM2 and the neuroimmunology of Alzhei‑
mer’s disease. Biochem Pharmacol. 2014;88(4):495–8.

 180. Zhu M, Li D, Wu Y, Huang X, Wu M. TREM‑2 promotes macrophage‑
mediated eradication of Pseudomonas aeruginosa via a PI3K/Akt 
pathway. Scand J Immunol. 2014;79(3):187–96.

 181. Linnartz‑Gerlach B, Bodea LG, Klaus C, Ginolhac A, Halder R, Sinkkonen 
L, et al. TREM2 triggers microglial density and age‑related neuronal loss. 
Glia. 2018;67(3):539–50.

 182. Propson NE, Roy ER, Litvinchuk A, Köhl J, Zheng H. Endothelial C3a 
receptor mediates vascular inflammation and blood‑brain barrier 
permeability during aging. J Clin Invest. 2021;131(1):e140966.

 183. Strike SC, Carlisle A, Gibson EL, Dyall SC. A High omega‑3 fatty acid 
multinutrient supplement benefits cognition and mobility in older 
women: a randomized, double‑blind, placebo‑controlled pilot study. J 
Gerontol A Biol Sci Med Sci. 2016;71(2):236–42.

 184. Lee LK, Shahar S, Chin AV, Yusoff NA. Docosahexaenoic acid‑concen‑
trated fish oil supplementation in subjects with mild cognitive impair‑
ment (MCI): a 12‑month randomised, double‑blind, placebo‑controlled 
trial. Psychopharmacology. 2013;225(3):605–12.

 185. Serrano‑Pozo A, Vega GL, Lutjohann D, Locascio JJ, Tennis MK, Deng A, 
et al. Effects of simvastatin on cholesterol metabolism and Alzheimer 
disease biomarkers. Alzheimer Dis Assoc Disord. 2010;24(3):220–6.

 186. Evans BA, Evans JE, Baker SP, Kane K, Swearer J, Hinerfeld D, et al. 
Long‑term statin therapy and CSF cholesterol levels: implications for 
Alzheimer’s disease. Dement Geriatr Cogn Disord. 2009;27(6):519–24.

 187. Qin Z, Gu M, Zhou J, Zhang W, Zhao N, Lu Y, et al. Triggering recep‑
tor expressed on myeloid cells 2 activation downregulates toll‑like 
receptor 4 expression and ameliorates cognitive impairment in the 
Abeta1‑42 ‑induced Alzheimer’s disease mouse model. Synapse. 
2020;74(10):e22161.

 188. Shibuya Y, Chang CC, Chang TY. ACAT1/SOAT1 as a therapeutic target 
for Alzheimer’s disease. Future Med Chem. 2015;7(18):2451–67.

 189. Kiialainen A, Veckman V, Saharinen J, Paloneva J, Gentile M, Hakola P, 
et al. Transcript profiles of dendritic cells of PLOSL patients link demyeli‑
nating CNS disorders with abnormalities in pathways of actin bundling 
and immune response. J Mol Med (Berl). 2007;85(9):971–83.

 190. Bouchon A, Hernandez‑Munain C, Cella M, Colonna M. A DAP12‑medi‑
ated pathway regulates expression of CC chemokine receptor 7 and 
maturation of human dendritic cells. J Exp Med. 2001;194(8):1111–22.

 191. Takahashi K, Prinz M, Stagi M, Chechneva O, Neumann H. TREM2‑trans‑
duced myeloid precursors mediate nervous tissue debris clearance and 
facilitate recovery in an animal model of multiple sclerosis. PLoS Med. 
2007;4(4):e124.

 192. Price BR, Sudduth TL, Weekman EM, Johnson S, Hawthorne D, Woolums 
A, et al. Therapeutic Trem2 activation ameliorates amyloid‑beta deposi‑
tion and improves cognition in the 5XFAD model of amyloid deposi‑
tion. J Neuroinflammation. 2020;17(1):238.

 193. Ruganzu JB, Zheng Q, Wu X, He Y, Peng X, Jin H, et al. TREM2 over‑
expression rescues cognitive deficits in APP/PS1 transgenic mice by 
reducing neuroinflammation via the JAK/STAT/SOCS signaling pathway. 
Exp Neurol. 2021;336:113506.

 194. Sheng L, Chen M, Cai K, Song Y, Yu D, Zhang H, et al. Microglial Trem2 
induces synaptic impairment at early stage and prevents amyloidosis at 
late stage in APP/PS1 mice. FASEB J. 2019;33(9):10425–42.

 195. Cramer PE, Cirrito JR, Wesson DW, Lee CY, Karlo JC, Zinn AE, et al. ApoE‑
directed therapeutics rapidly clear beta‑amyloid and reverse deficits in 
AD mouse models. Science. 2012;335(6075):1503–6.

 196. Savage JC, Jay T, Goduni E, Quigley C, Mariani MM, Malm T, et al. Nuclear 
receptors license phagocytosis by trem2+ myeloid cells in mouse 
models of Alzheimer’s disease. J Neurosci. 2015;35(16):6532–43.

 197. Tesseur I, Lo AC, Roberfroid A, Dietvorst S, Van Broeck B, Borgers 
M, et al. Comment on “ApoE‑directed therapeutics rapidly clear 
beta‑amyloid and reverse deficits in AD mouse models.” Science. 
2013;340(6135):924‑e.

 198. Griciuc A, Patel S, Federico AN, Choi SH, Innes BJ, Oram MK, et al. TREM2 
acts downstream of CD33 in modulating microglial pathology in 
Alzheimer’s disease. Neuron. 2019;103(5):820‑35 e7.

 199. Lefterov I, Schug J, Mounier A, Nam KN, Fitz NF, Koldamova R. RNA‑
sequencing reveals transcriptional up‑regulation of Trem2 in response 
to bexarotene treatment. Neurobiol Dis. 2015;82:132–40.

 200. Konishi H, Kiyama H. Microglial TREM2/DAP12 signaling: a double‑
edged sword in neural diseases. Front Cell Neurosci. 2018;12:206.

 201. Tai LM, Koster KP, Luo J, Lee SH, Wang YT, Collins NC, et al. Amyloid‑beta 
pathology and APOE genotype modulate retinoid X receptor agonist 
activity in vivo. J Biol Chem. 2014;289(44):30538–55.

 202. Boehm‑Cagan A, Michaelson DM. Reversal of apoE4‑driven brain 
pathology and behavioral deficits by bexarotene. J Neurosci. 
2014;34(21):7293–301.

 203. Tachibana M, Shinohara M, Yamazaki Y, Liu CC, Rogers J, Bu G, et al. 
Rescuing effects of RXR agonist bexarotene on aging‑related synapse 
loss depend on neuronal LRP1. Exp Neurol. 2016;277:1–9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	TREM2 in the pathogenesis of AD: a lipid metabolism regulator and potential metabolic therapeutic target
	Abstract 
	Background
	TREM2 regulates lipid metabolism in the CNS
	TREM2 regulates brain cholesterol and myelin metabolism
	TREM2 signaling could be induced by binding to phospholipids, and TREM2 regulates phospholipid metabolism
	TREM2 promotes the microglial transition to DAM
	In the CNS, the disordered TREM2-affected lipid metabolism contributes to the pathogenesis of AD

	TREM2 affects lipid metabolism in the periphery
	The influence of TREM2 on obesity and hypercholesterolemia
	The controversial role of TREM2 hi macrophages in atherosclerosis
	TREM2 plays a protective role in NAFLD
	TREM2-mediated inflammation and IR are potential pathways by which dysregulated peripheral lipid metabolism contributes to AD pathogenesis
	Inflammation
	Insulin resistance

	TREM2 may link lipid metabolism in the CNS and the periphery by influencing the integrity of BBB
	The potential and prospect of TREM2 as a therapeutic target for AD

	Conclusions
	Acknowledgements
	References


