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Abstract

Purpose of Review Obesity stems from a chronic imbalance between energy intake and expenditure. Current therapeutic
strategies primarily focus on reducing caloric intake, yet their long-term efficacy is often limited by compensatory metabolic
adaptations that lead to weight regain. This review outlines the neural mechanisms through which the central nervous system
regulates appetite and the peripheral metabolic pathways that drive adipose thermogenesis. Furthermore, it examines how
integrated approaches—spanning from approved to preclinical and clinical-stage investigational agents (e.g., dual- or multi-
target agonists), microbiome-targeted interventions (e.g., probiotics), and exercise therapy—can synergistically overcome
the limitations of single-pathway strategies. Ultimately, this review provides a theoretical foundation for designing next-
generation, personalized, multimodal obesity management regimens.

Recent Findings Traditional weight-loss drugs primarily act by centrally suppressing appetite, reducing food intake
through modulation of neural circuits in regions such as the hypothalamus. However, studies show that relying on appetite
suppression often triggers compensatory metabolic adaptation, ultimately leading to weight regain. Current anti-obesity
drug development is therefore shifting toward integrated central-peripheral dual mechanisms. GLP-1/glucagon dual-receptor
agonists and triple-receptor agonists (such as retatrutide) have exhibited unprecedented weight-loss efficacy in clinical trials.
These novel agents overcome the limitations of single-target appetite suppression by synergistically integrating central
anorexigenic signaling with peripherally mediated increases in energy expenditure, thereby achieving more potent and
durable weight reduction.

Summary The sustainability of obesity treatment relies on a dual-pronged intervention strategy: suppressing appetite to
reduce energy intake while actively promoting energy expenditure, thereby overcoming the metabolic adaptation and weight
rebound associated with monotherapy.

Keywords Obesity - Appetite - Energy expenditure - Adipose

Introduction

Obesity has become a global public health issue. In 2022,
over 1 billion people worldwide were living with obesity,
constituting more than one-eighth of the global population
[1]. Projections indicate that by 2050, this figure will rise
Jiayan Xie, Yujing Yang and Wanting Chen contributed equally to to 3.8 billion overweight and obese individuals, accounting
this work. for over half of all adults [2]. Obesity-related comorbidities,
including cardiovascular diseases, metabolic disorders, and
respiratory ailments, pose significant threats to human health.
The primary cause of obesity is chronic energy imbalance,
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in metabolic rate that occurs in response to an energy deficit
during weight loss, which in turn promotes weight regain [3,
4]. This approach leads to an approximate 25 kcal reduction
in daily energy expenditure and a 95 kcal increase in daily
energy intake perkilogram of weight lost [5]. Bariatric surgery
is currently the most effective clinical intervention for severe
obesity. Unlike simple caloric restriction, bariatric surgery
has distinct metabolic advantages, typically achieving 25%
to 30% total body weight loss with long-term maintenance
[6]. Its multiple mechanisms of action (such as hormonal
changes, gut microbiota remodeling, and brown adipose
tissue activation) are even more critical. Taking Roux-en-Y
gastric bypass (RYGB) surgery as an example, it promotes
postprandial secretion of glucagon-like peptide-1 (GLP-
1) and peptide YY (PYY) to effectively suppress appetite,
while also stimulating brown adipose tissue thermogenesis
by altering the gut microbiota and acting on the intestinal
farnesoid X receptor (FXR) and systemic Takeda G protein-
coupled receptor 5 (TGRS) signaling pathways. Although
the efficacy varies among individuals, this dual action of
“appetite suppression and energy expenditure increase”
may be the central mechanism by which bariatric surgery
achieves substantial weight loss [7, 8]. In recent years, newer
pharmacotherapies such as the triple agonist retatrutide
(12 mg) have achieved a mean body weight reduction of
24.2% in individuals with obesity, and their success likewise
stems from the dual regulation of appetite and energy
metabolism [9]. Therefore, integrating this dual-action
mechanism may represent the future direction of weight
management therapies. Based on the “neural-peripheral
" interaction network, this article systematically analyzes
the synergistic regulatory mechanisms underlying appetite
suppression and adipose thermogenesis, providing both
theoretical foundations and diverse intervention strategies
for obesity treatment.

Central Regulation of Energy Metabolism

Hunger and satiety are physiologically regulated by intri-
cate neural and hormonal signaling pathways, primarily
involving the central nervous system (CNS) and gastroin-
testinal hormones. The hypothalamus and brainstem (e.g.,
the nucleus tractus solitarius [NTS] and area postrema [AP])
are key brain regions that regulate appetite. These regions
interact via complex neural circuits and signaling molecules
to maintain energy homeostasis [10].

Hypothalamic Feeding Regulatory Centers

The hypothalamus, serving as the interface between the ner-
vous and endocrine systems, is a higher-order center that
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regulates visceral functions and endocrine activities, includ-
ing food intake [11]. In the 1950s, one of the classical theories
for hypothalamic appetite regulation, the dual-center hypoth-
esis, was proposed. It posits that the lateral hypothalamic
area (LHA) functions as the feeding center, inducing hun-
ger upon stimulation, while the ventromedial hypothalamic
nucleus (VMH) acts as the satiety center, triggering satiety
when activated [12]. As research has progressed, the classical
“dual-center hypothesis™ has been replaced by more complex
neural networks. Using fiber photometry and chemogenetic/
optogenetic approaches, selective activation of steroidogenic
factor 1 (SF1)-expressing neurons in the VMH, or their axo-
nal projections to the paraventricular thalamus (PVT), rap-
idly suppresses food intake [13]. Further studies have shown
that loss of function of AMP-activated protein kinase ol
(AMPKal) in SFI neurons leads to activation of sympa-
thetic thermogenesis in brown adipose tissue (BAT). When
delivered intravenously, small extracellular vesicles (sEVs)
carrying plasmids encoding a dominant-negative mutant of
AMPKal (AMPKal-DN) target VMH-SF1 neurons and
lower body weight in obese mice without altering food intake
[14]. This result was also validated in leptin receptor (LepR)-
deficient db/db mice [15]. AMPK in the VMH acts as a key
integrative node for peripheral signals. For example, BMPSB
inhibits AMPK in the VMH, thereby activating orexin neu-
rons in the LHA via glutamatergic signaling and promoting
BAT thermogenesis [16, 17]. Additionally, estradiol and
triiodothyronine (T3) act on the AMPK- sympathetic ner-
vous system (SNS)-BAT axis in the VMH to activate BAT
thermogenesis and increase energy expenditure [18-20]. In
the LHA, melanin-concentrating hormone (MCH) neurons
mediate energy accumulation, while orexin neurons drive
energy expenditure [21]. In male rats, MCH neurons show
increased calcium signals in response to food-predictive cues
and during feeding. Chemogenetic activation of these neu-
rons promotes appetitive behavioral responses and increases
food intake [22]. The role of orexin in appetite and energy
homeostasis exhibits a dynamic, bidirectional, and behavioral
state-dependent regulatory pattern, far from being simply a
“pro-appetite” or “anti-appetite” neuron. Although orexin
neuropeptides acutely promote appetite, enhancing orexin
neuron signaling via orexin receptor type 2 (OX2R) pro-
motes energy expenditure and reduces food intake, thereby
counteracting high-fat diet-induced obesity in the regulation
of long-term energy balance. Whereas feeding behavior itself
rapidly suppresses orexin neuron activity, its deficiency leads
to hyperphagia and obesity [23, 24]. Meanwhile, it mediates a
“feed-or-run” arbitration mechanism, prompting mice to pri-
oritize voluntary exercise over feeding even in the presence
of palatable food [25]. Together, these findings indicate that
orexin neurons are more predisposed to promoting net energy
expenditure rather than energy intake (Fig. 1).
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Fig. 1 Hypothalamic appetite-related neural circuits. Created in https://BioRender.com

Antagonistic Regulation of POMC and AgRP
Neurons

With advances in research, the arcuate nucleus (ARC) of
the hypothalamus has been identified as a core region for
appetite regulation, where neurons expressing receptors for
both hunger and satiety signals are predominantly located
[26]. Pro-opiomelanocortin (POMC) and Agouti-related
protein (AgRP) neurons are widely distributed within the
ARC, forming a “yin-yang balance” model of feeding
behavior [27]. POMC neurons serve as the “yang” compo-
nent, eliciting satiety to suppress appetite; AgRP neurons
act as the “yin” component, generating hunger to promote
appetite [28, 29]. They integrate their actions to modulate
food intake, producing a coordinated effect. Specifically,

chemogenetically activated AgRP neurons and inhibited
POMC neurons jointly regulate neuropeptide Y receptor
type 1 (NPY1R)-expressing neurons in the paraventricular
hypothalamus (PVH), reducing their activity, which in turn
activates tyrosine hydroxylase (Th)-expressing neurons in
the NTS, thereby forming a neural pathway that promotes
feeding [28]. Furthermore, neuropeptide Y (NPY) released
from AgRP neurons and a-melanocyte-stimulating hormone
(a-MSH) released from POMC neurons stochastically and
competitively regulate cyclic adenosine monophosphate
(cAMP) levels in PVH melanocortin 4 receptor (MC4R)-
expressing neurons, playing a critical role in the transition
between hunger and satiety states. Using in vivo two-pho-
ton imaging, optogenetics, and related techniques, it has
been directly observed that during feeding, a-MSH release
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increases while NPY release is suppressed. This leads to a
sustained elevation of cAMP levels in PVH MC4R-express-
ing neurons, which in turn enhances excitatory synaptic
input and generates satiety [30].

Following proteolytic processing, POMC gives rise to
a-MSH. This neuropeptide is subsequently released into the
synaptic cleft of neurons, where it binds to the MC4R to
mediate appetite suppression [31, 32]. Notably, POMC neu-
rons exhibit functional heterogeneity: when projecting to the
PVT, they release f-endorphin to activate p-opioid recep-
tors (MORs), significantly enhancing reward-driven con-
sumption of carbohydrate-rich foods (with feeding intensity
increased by 6-fold) [33]. This phenomenon accounts for
the ability to eat dessert despite having already consumed a
sufficient meal to feel full.

AgRP neurons release three key effector molecules:
AgRP, NPY, and y-aminobutyric acid (GABA). They
exhibit temporal dynamic differences in the regulation of
feeding behavior. GABA and NPY mediate rapid feeding
responses, whereas AgRP mediates a delayed but sustained
orexigenic effect [34, 35]. CRISPR-mediated knockout of
Tet3 in AgRP neurons activates these neurons and increases
the expression of AgRP, NPY, and the vesicular GABA
transporter gene Slc32al (solute carrier family 32 member
1). Consequently, the transcriptional repression of AgRP
by leptin-signal transducer and activator of transcription
3 (STAT3) signaling is disrupted, which abolishes leptin-
mediated appetite inhibition and results in obesity [36].
AgRP neuron activity exhibits an early rapid inhibition
driven by food-related sensory cues, followed by a late slow
inhibition driven by intestinal nutrients, and then an even
slower and sustained return to baseline upon restoration of
energy balance. Fiber photometry recordings of AgRP and
POMC neurons in freely behaving mice revealed that mere
visual or olfactory exposure to food was sufficient to inhibit
AgRP neurons and activate POMC neurons within sec-
onds. A neural circuit underlying the rapid inhibition upon
food cue sensing is formed by glutamatergic neurons in the
LHA projecting to GABAergic neurons in the dorsomedial
hypothalamus (DMH), which in turn innervate AgRP neu-
rons [37-39]. During the postprandial phase, intestinal fat
(via the vagal afferent pathway) and glucose (via the spinal
afferent pathway) slowly inhibit hypothalamic AgRP neu-
rons through two distinct gut—brain pathways [40]. Nota-
bly, AgRP neurons exhibit an intrinsic circadian rhythm
driven by the suprachiasmatic nucleus (SCN). During the
light phase, the SCN activates thyrotropin-releasing hor-
mone (TRH)-expressing neurons in the DMH, which in turn
excite AgRP neurons, driving animals to actively feed at
fixed times and thereby preventing energy deficiency. This
rhythm is disrupted by a high-fat diet (HFD) [41] (Fig. 1).
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Emerging evidence has identified additional hypotha-
lamic neurons involved in appetite control. Neurons in the
ARC that express prepronociceptin (PNOC) have been
shown to be rapidly activated following short-term expo-
sure to HFD. These PNOC neurons provide inhibitory
synaptic input to POMC neurons, thereby promoting hyper-
phagia [42]. Conversely, RUVBL2 neurons in the PVH sup-
press AgRP neuron activity and activate POMC neurons via
excitatory synaptic projections to the ARC and DMH. This
neural circuit ultimately reduces food intake, improves glu-
cose tolerance, and ameliorates insulin resistance [43].

Brainstem-Limbic Coordinated Regulatory
Mechanisms

The NTS, located in the dorsal medulla, is a key region that
integrates gut-derived signals and promotes meal termina-
tion. Within the NTS, multiple heterogeneous neuronal pop-
ulations regulate feeding behavior in distinct ways through
pathways with diverse neurochemical characteristics. Tradi-
tionally, it has been thought that NTS neurons are involved
in meal termination but not in long-term energy balance. In
fact, they play important roles in both. Calcitonin receptor
(Calcr)-expressing neurons in the NTS (NTS“ neurons)
project to the parabrachial nucleus (PBN) and mediate long-
term inhibitory regulation of food intake and body weight
without inducing aversive responses. Within this popula-
tion of neurons, a subpopulation that specifically expresses
prolactin-releasing hormone (NTSP™®P neurons) suppresses
AgRP neuron-mediated hyperphagia in the hypothalamus
upon activation. Cholecystokinin (CCK)-expressing neu-
rons in the NTS (NTSC“K neurons) mediate aversive feeding
suppression by activating calcitonin gene-related peptide
(CGRP)-expressing neurons in the PBN [44, 45]. Simul-
taneous activation of LepR-expressing, Calcr-express-
ing, and CCK-expressing neurons in the NTS produces a
stronger appetite-suppressing effect than activation of any
individual population alone [46]. But an ideal anti-obesity
strategy should favor the therapeutic targeting of specific
neural pathways that effectively curb appetite while being
aversion-free.

The AP, as one of the key circumventricular organs in
the brainstem, lacks a complete blood-brain barrier and
therefore can directly sense both endogenous and exog-
enous signals circulating in the bloodstream, mediating
neural regulation of visceral malaise, including nausea,
vomiting, and taste aversion. Populations of GLP-1 recep-
tor (GLP-1R)-expressing neurons are present in both the
NTS and the AP and participate in feeding suppression and
weight reduction. GLP-1R-expressing neurons in the AP
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typically co-express glial cell line-derived neurotrophic
factor (GDNF) family receptor alpha-like (GFRAL),
and their activation induces conditioned taste aversion.
In contrast, GLP-1R neurons in the NTS predominantly
co-express Calcr, and their activation does not elicit aver-
sive responses [47—49]. The research team led by Stephen
D. Liberles mapped the cellular landscape of the mouse
AP using single-nucleus RNA sequencing, and combined
with chemogenetic manipulation and neural circuit trac-
ing techniques, demonstrated that GLP-1R-expressing
excitatory neurons are critical for mediating nausea and
aversion-related behaviors by projecting aversive signals
to the PBN [50]. As a long-acting GLP-1R agonist cur-
rently widely used in clinical practice, this class of drugs
induces nausea and vomiting, which may represent part
of the mechanism underlying its therapeutic efficacy but
also constitute the primary reason for patient discontinu-
ation. This creates an inherent conflict between efficacy
and compliance [51]. In fact, studies have shown that the
mechanisms underlying GLP-1R-mediated satiety and
aversive responses are dissociable. GLP-1R agonists act
through two functionally distinct hindbrain neural path-
ways. One pathway involves GLP-1R-expressing neurons
in the AP that project to the lateral parabrachial nucleus
(IPBN), eliciting aversive responses. The other pathway
involves GLP-1R-expressing neurons in the NTS that proj-
ect to the PVH, suppressing food intake without inducing
aversion. Even when the aversive pathway is suppressed,
weight-loss drugs remain effective in reducing food intake
in mice [52]. This suggests that nausea is not a necessary
prerequisite for therapeutic efficacy. By differentially tar-
geting hindbrain neural circuits, it is possible to preserve
weight-loss benefits while avoiding side effects.

Beyond these circuits, appetite regulation involves coor-
dinated activity across the central amygdala (CeA), nucleus
accumbens (NAc), and medial prefrontal cortex (mPFC).
Specifically, serpin family B member 2 (Serpinb2)-express-
ing neurons in the NAc shell (NAcShS™"™2) project to
LepR -expressing neurons in the LHA, forming a neural cir-
cuit that modulates feeding behavior and overcomes leptin-
mediated feeding suppression. Genetic ablation of these
neurons reduces food consumption [53]. In contrast to this
homeostatic regulation, the CeA contributes to feeding sup-
pression under pathological conditions. For instance, during
states of nausea or visceral discomfort, delta-like 1 homolog
(DIk1)-expressing neurons in the CeA are activated, exert-
ing their anorectic effect by inhibiting neurons in the PBN
[54]. However, the therapeutic targeting of this pathway
demands careful consideration, as it may elicit maladaptive
aversive states and metabolic disturbances, outweighing the
benefits of weight loss.

Food Reward Control of Metabolism and
Obesity

The brain is a sophisticated and highly complex neural
organ, and its feeding regulation mechanism does not fol-
low the simple linear model of “eat when hungry, stop when
full.” Even in an energy-replete state, the food reward sys-
tem can drive feeding behavior. When this responsiveness
to reward signals overrides homeostatic satiety signals, it
constitutes a key driver of obesity development. Palat-
able, energy-dense foods (high in fat and sugar) are potent
rewarding substances that affect brain neural circuits, lead-
ing to reward dysfunction and overeating [55, 56]. Opto-
genetic or chemogenetic activation of GABAergic neurons
in the LHA acts on GABAergic interneurons in the ventral
tegmental area (VTA) to disinhibit VTA dopamine neurons,
thereby increasing dopamine release in the NAc and pro-
moting reward-driven feeding behavior [57]. Furthermore,
during the consummatory phase of feeding, VTA dopamine
neurons drive hedonic feeding by inhibiting glutamatergic
neurons in the peri-locus coeruleus (periLC), thereby reliev-
ing inhibition of VTA dopamine neurons and promoting
sustained intake. Semaglutide suppresses hedonic feeding
in the short term by inhibiting VTA dopamine neurons, but
compensatory strengthening of this pathway after chronic
weight loss results in rebound craving for sweet foods [58].
In normal chow-fed mice, the neural pathway from the lat-
eral subregion of the nucleus accumbens (NAcLat) to the
VTA releases neurotensin, which activates the dopaminer-
gic system and regulates hedonic feeding behavior. Long-
term HFD significantly reduces neurotensin expression and
release in this pathway, which attenuates hedonic feeding in
mice, yet habitual feeding and body weight gain continue
unabated [59].

Emerging evidence indicates that the gut-brain vagal
axis plays an essential role in modulating the mesolimbic
dopamine reward circuitry. Combining functional magnetic
resonance imaging (fMRI), behavioral preference tests, and
other approaches, studies have demonstrated that an 8-week
high-calorie diet in healthy individuals impairs gut-brain
communication and dampens vagal lipid signaling, causing
dopaminergic dysfunction. Even in the absence of changes
in body weight and metabolic markers, this results in a sig-
nificant reduction in preference for low-calorie foods and
an enhanced brain reward response to high-calorie foods,
which in turn increases the risk of developing obesity [60].
Further studies have shown that gut-derived fat and sugar
engage distinct vagal circuits to the NTS, which in turn acti-
vate the nigrostriatal dopamine reward pathway and elicit
dopamine release in the dorsal striatum, promoting moti-
vated feeding. When present together, they supra-additively
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activate the brain’s reward circuitry, resulting in substantial
dopamine release and a drive toward overeating [61]. After
vagotomy, VTA dopamine neurons lose glutamatergic excit-
atory drive from the PBN, ultimately leading to dysregu-
lated behavioral responses to rewarding stimuli such as food
[62]. Therefore, dysregulation of the gut-brain-reward axis
suggests that obesity is not merely a deficit in satiety, but
rather a disorder in the brain’s evaluation of and response to
nutritional signals. Restoring the balance between homeo-
static need and hedonic drive remains a challenge in long-
term weight management.

Central Appetite Modulation by Gut
Microbial Metabolites

Gut microbiota and their metabolites (e.g., short-chain fatty
acids, bile acids) serve as upstream signaling sources that
regulate central appetite circuits either directly or indirectly
by stimulating enteroendocrine cells to release appetite-
related hormones (e.g., GLP-1, CCK), or via the vagus
nerve and the circulatory pathway [63, 64].

Short-chain fatty acids (SCFAs)—acetate, propionate,
and butyrate—are key metabolites produced by gut micro-
bial fermentation of dietary fiber. The understanding of their
appetite-suppressing mechanisms has evolved from indi-
rect to direct effects. Early studies suggested that SCFAs
indirectly suppress appetite by activating Free fatty acid
receptor 2 (FFAR2) signaling, thereby stimulating GLP-1
release from the gut [65, 66]. However, subsequent in vivo
studies using !''C-acetate labeling and positron emission
tomography-computed tomography (PET-CT) imaging
demonstrated that acetate rapidly crosses the blood-brain
barrier (BBB). Subsequently, it increases lactate and GABA
production via the glutamine cycle, leading to increased
POMC transcription and decreased AgRP transcript levels
in the hypothalamus, changes that are associated with appe-
tite suppression [67]. GABA produced by gut microbiota
may inhibit the secretion of anorexigenic hormones, thereby
promoting feeding behavior in the host [68].

Bile acids (BAs) are synthesized from cholesterol in
the liver through a series of enzymatic reactions involving
enzymes such as cytochrome P450 Family 7 Subfamily A
Member 1 (CYP7A1) and cytochrome P450 Family 8 Sub-
family B Member 1 (CYP8BI1), resulting in primary BAs.
These primary BAs are subsequently metabolized by gut
microbiota to generate secondary BAs [69]. BAs can enter
the systemic circulation via the enterohepatic circulation
and, from there, reach the CNS through passive diffusion
or active transport [70]. Under physiological conditions,
food intake induces a transient increase in hypothalamic
BA levels in mice, which specifically activates the TGRS
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on AgRP/NPY neurons, thereby participating in the regula-
tion of appetite [71]. However, in HFD mice, the levels of
specific BAs that act as TGRS agonists (such as deoxycho-
lic acid [DCA], taurocholic acid, and taurodeoxycholic acid
[TDCA]) are significantly reduced in the hypothalamus.
Central administration of BAs or specific TGRS agonists
has been shown to reduce body weight and fat mass by acti-
vating the SNS. Conversely, the downregulation of TGRS
expression in the mediobasal hypothalamus promotes the
development of obesity [72]. Furthermore, direct injection
of the TGRS agonists CCDC or DCA into the NTS of rats
activates local TGRS, enhances leptin-STAT3 signaling,
suppresses food intake, and reverses HFD-induced leptin
resistance [73]. However, the origin of the observed increase
in hypothalamic BA levels remains unclear; whether it is
driven by enhanced hepatic BA synthesis is a key question
under active investigation.

Thermogenesis and Energy Expenditure
Mechanisms in Peripheral Metabolism

Conventional anti-obesity strategies centered on appetite
suppression achieve short-term weight loss but frequently
lead to weight regain due to compensatory reductions in
energy expenditure, often accompanied by gastrointesti-
nal adverse effects. In contrast, therapeutic activation of
adaptive thermogenesis to augment energy expenditure has
emerged as a promising approach for sustainable manage-
ment of obesity and associated metabolic disorders.

Functional Heterogeneity of Adipose Tissue

Adipose tissue is mainly divided into white adipose tis-
sue (WAT), beige adipose tissue, and BAT. WAT is divided
into two major depots: visceral adipose tissue (omental and
mesenteric) and subcutaneous adipose tissue (abdominal
and gluteofemoral). It is characterized by unilocular large
lipid droplets, primarily stores triglycerides, and secretes
adipokines such as adiponectin, leptin, and resistin, which
participate in the regulation of energy balance, insulin sen-
sitivity, and inflammation. The distribution of BAT in the
human body varies with age. Newborns and infants possess
abundant BAT, primarily located in the interscapular region,
periscapular areas, and the upper spinal segment. However,
both the content and activity of BAT significantly decrease
with age. In adults, BAT in the scapular region disappears,
while it is present in the neck, supraclavicular, and perirenal/
periadrenal regions. Moreover, both BAT mass and activity
are higher in females than in males [74-76].

Thermogenic adipocytes include both beige and brown
adipocytes, both of which generate heat by consuming
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glucose and fatty acids. Brown adipocytes are primarily
derived from myogenic factor 5 (Myf5+)-expressing pro-
genitor cells. They are characterized by multilocular small
lipid droplets and abundant mitochondria, and achieve non-
shivering thermogenesis through the expression of uncou-
pling protein 1 (UCP1). Beige adipocytes originate from
non-Myf5+progenitor cells and form through the “brown-
ing” of white adipose tissue in response to stimuli such
as cold exposure, f3-adrenergic agonists, or exercise [75,
77]. Notably, the cellular origins of beige adipocytes differ
depending on the stimulus. Cold-induced beige adipocytes
primarily arise from o-smooth muscle actin (a-SMA)-
positive mural cells, which are driven to differentiate into
beige adipocytes via the Pl-adrenergic receptor (B1-AR)
signaling pathway. In contrast, f3-adrenergic receptor (33-
AR) agonists mainly drive transdifferentiation of mature
white adipocytes into beige adipocytes [78, 79]. In addition,
PDGFRa'Scal*CD81* adipose progenitor cells can differ-
entiate into beige adipocytes upon cold exposure or irisin
stimulation induced by exercise [80], while transient recep-
tor potential vanilloid 1 (Trpvl)-expressing perivascular
cells can give rise to both brown and beige adipocytes under
cold stimulation [81]. Using lineage tracing experiments,
further studies have revealed that neuropeptide Y recep-
tor 1 (NPY1R) perivascular cells serve as progenitor cells
for thermogenic adipocytes. NPY released by sympathetic

nerves binds to the highly expressed NPY IR on these peri-
vascular cells, promoting their proliferation and thereby
supporting the generation of thermogenic adipocytes [82].
Recently, c-kit+ brown adipose progenitor cells have also
been found to differentiate into brown adipocytes (rather
than white adipocytes) to promote adipose thermogenesis,
further enriching our understanding of brown adipose lin-
eage differentiation [83]. Therefore, the expansion of ther-
mogenic adipose tissue is sustained by the recruitment and
differentiation of diverse progenitor populations, offering
multiple cellular pathways to enhance metabolic thermo-
genesis (Fig. 2).

The Thermogenic Function of Canonical
UCP1 Protein

UCPI is a classic thermogenic protein localized to the
inner mitochondrial membrane (IMM). It dissociates oxi-
dative phosphorylation from adenosine triphosphate (ATP)
synthesis, converting the proton gradient into heat release
[84]. The activity of UCP1 is dynamically regulated by free
fatty acids (activating) and purine nucleotides (inhibitory).
The artificial uncoupling agent 2,4-dinitrophenol (DNP)
enhances proton leakage and thermogenesis by mimicking
the action of free fatty acids, binding to UCP1 and inducing
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its conformational change [85]. However, due to its severe
toxicity, DNP has been prohibited globally. Besides DNP,
other chemical uncouplers (such as FCCP, BAMI15 [86])
also enhance thermogenesis by modulating proton carrier
activity in the IMM or targeting ADP/ATP carrier (AAC)
and UCPI1, thereby inducing proton leakage across the
IMM. UCP1 has certain limitations, including an age-related
decline in its expression. In contrast, the AAC is widely
expressed in the IMM. Through its dual functions—ADP/
ATP exchange and proton leak—it induces mitochondrial
uncoupling thermogenesis [87]. However, there is currently
no evidence that AAC contributes more to energy expen-
diture than UCP1. Moreover, the specific functions and
regulatory mechanisms of AAC in beige and brown adipose
tissues remain unclear, which limits systematic assessment
of its role in whole-body energy homeostasis (Fig. 2).

Beyond UCP1: Multifaceted Thermogenesis

UCPI1 is not the sole mediator of thermogenesis. Non-
canonical, UCP1-independent pathways significantly con-
tribute to the regulation of adaptive thermogenesis [88].
Under cold exposure conditions, creatine kinase B (CKB)
within fat cells utilizes ATP generated by mitochondrial oxi-
dative phosphorylation to phosphorylate the substrate cre-
atine, thereby producing phosphocreatine. Simultaneously,
tissue-nonspecific alkaline phosphatase (TNAP) hydrolyzes
phosphocreatine to regenerate creatine. This continuous
phosphorylation and dephosphorylation establishes a “futile
creatine cycle,” consuming chemical energy and dissipating
it as heat [89-91]. In fact, CKB-mediated thermogenesis in
adipose tissue operates in parallel with the classical UCP1
pathway, forming a functionally redundant and complemen-
tary relationship. Knockout of either UCP1 or CKB alone
has limited effects on cold tolerance, but simultaneous
knockout of both in adipocytes significantly impairs cold
resistance. Conventional germline UCP1 knockout mice
suffer from secondary mitochondrial dysfunctions (e.g.,
reduced electron transport chain complex abundance and
excessive proton motive force) and severe immune abnor-
malities, which greatly exaggerate the phenotypes and pre-
clude accurate assessment of UCP1’s intrinsic contribution.
By contrast, inducible UCP1 deletion, which is performed
in adulthood, circumvents these secondary alterations [92—
94]. Glycerolipid cycling is also a major source of thermo-
genesis in brown adipocytes lacking UCP1: triglycerides are
hydrolyzed by ATGL to release free fatty acids and glycerol,
and the free fatty acids are re-esterified to triglycerides via
diacylglycerol O-acyltransferase 1/2 (DGAT1/2) [95, 96].
Additionally, calcium ions (Ca?*) serve as pivotal signaling
molecules that critically regulate adipose tissue thermogene-
sis by controlling the function of thermogenic adipocytes. In

@ Springer

the endoplasmic reticulum, the “calcium cycle” mediated by
sarco/endoplasmic reticulum Ca?*-ATPase 2b (SERCA2b)
and ryanodine receptor 2 (RyR2) consumes large amounts
of ATP through sustained calcium pumping activity, con-
verting chemical energy directly into heat. This process
compensatorily drives thermogenesis in beige adipocytes
of inguinal white adipose tissue (IWAT) in the absence of
UCPI, thereby regulating whole-body energy metabolism
and glucose homeostasis [97]. The endoplasmic reticulum
membrane-anchored peptide C4orf3 acts as a molecular
resistor for SERCA2b-mediated Ca?" uptake, which attenu-
ates SERCA2b efficiency and promotes calcium cycling-
associated thermogenesis [98]. In mitochondria, Ca** enters
via the mitochondrial calcium uniporter (MCU) and acti-
vates key dehydrogenases, thereby accelerating the tricar-
boxylic acid (TCA) cycle, increasing nicotinamide adenine
dinucleotide (NADH) production and ATP synthesis to fuel
thermogenesis [99—101]. Notably, recent research from Pro-
fessor Qiu Yifu’s team at Peking University revealed that
under adrenergic stimulation, MCU interacts with essential
MCU regulator (EMRE) and UCP1 in brown adipocytes to
form a “thermoporter” (the MCU-EMRE-UCP1 complex).
This complex enhances mitochondrial Ca*" uptake, facili-
tates the TCA cycle and NADH generation, and provides
energy substrates for UCP1-mediated uncoupling respira-
tion [102, 103]. Furthermore, according to recent studies,
cold exposure and cAMP signaling trigger a UCP1-indepen-
dent “monomethyl-branched-chain fatty acid (mmBCFA)
synthesis-f-oxidation” cycle in peroxisomes: mmBCFA
synthesis catalyzed by fatty acid synthase (FASN) con-
sumes ATP, while B-oxidation catalyzed by acyl-CoA oxi-
dase 2 (ACOX2) consumes oxygen but does not produce
ATP, resulting in net energy dissipation. This process pro-
tects against diet-induced obesity and improves insulin
sensitivity [104]. These pathways overcome the limitations
of UCPI, providing a broad target for the development of
novel weight loss therapies (Fig. 3).

Immune Cell Crosstalk: A Novel Regulator of
Adipose Thermogenesis

Resident immune cells in adipose tissue regulate the ther-
mogenic process through diverse mechanisms. The con-
ventional view posits that SNS signaling is the primary
driver of thermogenesis, as thermogenic adipose tissue is
densely innervated by sympathetic nerves. These nerves
release catecholamines, which stimulate the expression of
UCP1 in adipocytes to promote heat production. However,
after sympathetic denervation, M2 (alternatively activated)
macrophages are also capable of producing catecholamines
to sustain thermogenesis. The 1L-4/13 secreted by eosino-
phils serves as the source for activating M2 macrophages in
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adipose tissue to generate catecholamines, thereby increas-  protection against HFD-induced metabolic disorders [109].
ing beige fat mass and thermogenic capacity [105-107].  Therefore, converting energy-storing white adipose tissue
Further mechanistic studies have demonstrated that under  into energy-dissipating beige adipose tissue represents a
cold conditions, M2 macrophages secrete slit guidance  highly attractive strategy for weight loss.

ligand 3 (Slit3), which activates sympathetic nerves in Certain T cell subsets also play critical roles. Disrup-
IWAT through binding to the roundabout guidance recep-  tion of DsbA-L in T cells alleviates obesity in HFD mice
tor 1 (ROBOI1) and initiating the cAMP-dependent protein by suppressing interferon-y (IFN-y) production and promot-
kinase (PKA)/Ca*/calmodulin-dependent protein kinase  ing regulatory T cell (Treg) accumulation to enhance brown

II (CaMKII) signaling pathway, promoting norepineph-  adipose tissue thermogenesis [110]. Tregs maintain tissue
rine (NE) release and WAT beiging [108]. Currently, it  homeostasis through the regulation of local IFN-y produc-
remains unclear whether the cytokines secreted by eosin-  tion. Research indicates that selective depletion of Tregs

ophils serve as the source for activating M2 macrophages  specifically in BAT is sufficient to drive aberrant activa-
to secrete Slit3. Beyond their role in sympathetic thermo-  tion of IFN-y* lymphocytes(CD4" T cells and NK cells),
genesis, M2 macrophages act independently on adipocyte  resulting in mitochondrial dysfunction and disturbances in
ETS proto-oncogene 1 (ETS1). The suppression of Etsl by  energy metabolism, which ultimately compromise thermo-
M2 macrophages increases mitochondrial content and pro-  genic responses [111]. Upon activation, invariant natural
motes beiging, leading to enhanced energy expenditure and  killer T (iNKT) cells can induce the production of fibroblast
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growth factor 21 (FGF21) and drive thermogenic browning
of white adipose tissue. GLP-1R agonists promote energy
expenditure and reduce body weight through the iNKT
cell-FGF21 axis [112]. In addition, gamma-delta T (y3T )
cells secrete the signaling molecule IL-17 F, which binds
to IL-17RC on adipocytes, inducing TGFB1 (transforming
Growth Factor beta 1) secretion. This axis regulates sympa-
thetic innervation of BAT, sustains its thermogenic capacity,
and protects against diet-induced obesity [113]. Notably, in
a groundbreaking finding, IL-27 has been shown to directly
target adipocytes, independent of immune cells, upregu-
lating UCP1, peroxisome proliferator-activated receptor o
(PPARa), and peroxisome proliferator-activated receptor
gamma coactivator 1-a (PGC-1a) to promote thermogen-
esis and mitigate obesity [114]. This reveals a novel, direct
signaling pathway in the immunometabolic regulation of
adipose tissue.

The Gut-Adipose Axis Regulates Adipose
Thermogenesis

The gut microbiota and its metabolites play a central role
in regulating energy homeostasis through the “gut-adipose
axis.” Depletion of the gut microbiota impairs the thermo-
genic capacity of brown adipose tissue and the browning
of white adipose tissue [115], while supplementation with
exogenous butyrate can promote adaptive thermogenesis in
microbiota-depleted mice [116]. BAs coordinately enhance
adipose thermogenesis by activating multiple pathways,
including the TGRS receptor. Binding of BAs to TGRS
induces an increase in cCAMP, activating the D2 enzyme to
convert thyroxine (T4) into active T3, thereby upregulating
thermogenic genes such as UCP1 and PGC-1a [117]. Addi-
tionally, taurocholic acid can stimulate M2 macrophages in
adipose tissue to release Slit3, which activates sympathetic
signaling to promote NE synthesis, thereby driving the
browning of adipose tissue [118]. Studies have confirmed
that the gut microbiota plays a critical role in regulating the
BA pool. For example, gut-specific hypoxia-inducible fac-
tor 2-a. (HIF-2a)) knockout alters the microbiota (decreased
Bacteroides vulgatus and increased Ruminococcus torques),
leading to increased levels of taurocholic acid and DCA,
which significantly enhance the thermogenic capacity of
WAT via the TGRS pathway [119].

Hormonal Regulation of Energy Homeostasis

Peripheral hormones form a complex regulatory network
by bidirectionally intervening in central nervous feeding
behavior and the metabolic state of peripheral target organs.
The hypothalamus integrates central anorexigenic signals
from leptin, insulin, and GLP-1 with orexigenic feedback
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from ghrelin to coordinate feeding behavior. Meanwhile,
leptin and GLP-1 exert peripheral effects by enhancing
adaptive thermogenesis in adipose tissue (Fig. 4).

Leptin Signaling: Adipose-to-Brain Metabolic
Regulation

In the parabiosis experiments conducted by Douglas Cole-
man, when the circulation of normal mice was connected
to that of db/db mice, the db/db mice continued to gain
weight, whereas the normal mice exhibited decreased
blood glucose, reduced food intake, and even died of star-
vation. These findings suggested the presence of a cir-
culating appetite-suppressing factor in the blood [120].
Subsequently, the Friedman laboratory identified this
factor using molecular cloning techniques and named it
“leptin”, a protein primarily and specifically secreted by
adipocytes [121]. Its biological activity is largely depen-
dent on proper interaction with the LepR. Leptin binds to
LepR located in the choroid plexus and vascular endothe-
lial cells of the BBB, enabling its transport into the brain
via endocytosis. Beyond the BBB, leptin can also be tran-
scellularly transported from the bloodstream to the hypo-
thalamus by tanycytes through a signaling axis involving
LepR—epidermal growth factor receptor (EGFR)—extracel-
lular signal-regulated kinase (ERK), thereby inhibiting
food intake and adipogenesis [122]. Notably, the LepR
has six isoforms, among which only the full-length iso-
form (LepRb) is capable of fully transducing activating
signals into the cell interior. Its intracellular domain con-
tains multiple phosphotyrosine residues (Tyr985, Tyr1077,
and Tyr1138) that, upon phosphorylation by Janus kinase
2 (JAK2), mediate the activation of downstream signal-
ing pathways including JAK2-STAT3 and ERK, as well
as suppressor of cytokine signaling 3 (SOCS3)-dependent
negative feedback regulation [123, 124]. These phos-
phorylation events provide the molecular basis for Ob-Rb-
mediated signaling in the hypothalamus.

Both POMC and AgRP neurons express LepRs [125].
When leptin levels decrease, AgRP neurons are activated
to stimulate appetite; conversely, elevated leptin lev-
els activate POMC neurons to suppress hunger. Using
CRISPR/Cas9 technology to specifically delete LepR in
AgRP neurons resulted in hyperphagia and severe obesity
in mice, whereas deletion of LepR in POMC neurons had
no significant effect. These findings indicate that AgRP
neurons are the primary target of leptin in the brain for reg-
ulating energy and glucose homeostasis [126]. The effects
of POMC and AgRP/NPY neurons are not equivalent in
several important aspects, suggesting that they are not pre-
cise counterparts. Through single-nucleus RNA sequenc-
ing (snRNA-seq) analysis of the ARC, the research team
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of Jeffrey M. Friedman discovered a new class of neurons,
designated as basonuclin 2 (BNC2) neurons. These neu-
rons rapidly regulate feeding behavior by directly inhib-
iting the activity of AgRP/NPY neurons, thereby rapidly
suppressing appetite. Loss of the LepR gene in mouse
BNC2 neurons leads to obesity and insulin resistance
[27]. Furthermore, LepR deletion in PNOC”R® neurons,
which leads to increased NPY expression in AgRP~/
PNOC" neurons, also promotes increased appetite [127].
This demonstrates that leptin’s function is more complex
than its involvement in a simple binary model, and that it
orchestrates anorexia through additional, complex neural
pathways.

The regulation of adipose tissue thermogenesis by leptin
is also an important mechanism underlying its anti-obesity
effects. LepR-expressing PrRP neurons in the DMH mediate
leptin-induced thermogenesis and enhance energy expendi-
ture [128]. Leptin-deficient ob/ob mice and leptin-resistant
diet-induced obese mice exhibit significantly reduced sym-
pathetic innervation of both white and brown adipose tissue.
Chronic leptin treatment restores sympathetic innervation
of adipose tissue and increases the expression of thermo-
genic genes such as UCP1 by acting on AgRP and POMC
neurons in the ARC, which in turn regulates brain-derived

neurotrophic factor (BDNF)-expressing neurons in the PVH
[129]. Sh2bl is a key molecule in LepR-expressing neu-
rons. Its specific deletion blocks leptin-induced sympathetic
activation, impairs BAT thermogenesis, and leads to obe-
sity and insulin resistance in mice [130]. Beyond its central
effects, leptin signaling within adipocytes directly poten-
tiates brown adipose tissue function and increases energy
expenditure in males, but not in females [131]. Although
circulating leptin levels are markedly elevated in obese indi-
viduals, central leptin sensitivity is universally impaired, a
condition termed leptin resistance [132]. This is due to cen-
tral leptin deficiency (caused by impaired BBB transport),
suppression of STAT3 signaling, and blockade of LepR
signaling by hypothalamic endoplasmic reticulum stress/
unfolded protein response (UPR) [133-135]. In recent
years, enhancing leptin sensitivity has emerged as a key
therapeutic strategy against obesity. Approaches to counter-
act leptin resistance include targeting hypothalamic recep-
tors with BBB-permeable histone deacetylase 6 (HDAC6)
inhibitors like ACY775 [136], inhibiting mechanistic target
of rapamycin (mTOR) signaling in POMC neurons using
agents such as rapamycin [137], and engineering adipocyte-
derived extracellular vesicles for CNS-targeted delivery of
leptin-sensitizing miRNAs [138] (Fig. 2).
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GLP-1 in Fat Metabolism and Appetite Regulation

GLP-1, a peptide hormone derived from distal intestinal
L cells, pancreatic a cells, and the central nervous system,
exerts its effects by activating the GLP-1R to promote glu-
cose-dependent insulin secretion, suppress glucagon release,
slow gastric emptying, and increase satiety [S1, 139]. Intra-
cerebroventricular injection of GLP-1 in mice activates cen-
tral GLP-1 receptors, enhances sympathetic nerve activity
in BAT, and promotes BAT thermogenesis, thereby increas-
ing energy expenditure [140]. The GLP-1R agonist liraglu-
tide, when administered centrally, promotes brown adipose
tissue thermogenesis and white adipose browning via inhi-
bition of AMPK in the VMH [141]. Another GLP-1R ago-
nist, (Ex-4).-Fc, increases the abundance of Lactobacillus
reuteri in HFD mice and upregulates the expression of alka-
line ceramidase 2 (Acer2), reducing ceramide levels. This
series of changes promotes adipose browning and thermo-
genesis, and synergizes with the central effects of the drug to
reduce food intake, ultimately achieving weight loss [142].
However, in human clinical trials, the anti-obesity effects
of GLP-1R agonists such as liraglutide, semaglutide, and
exenatide are primarily attributed to reduced food intake
rather than increased energy expenditure [143-145]. In
healthy young men, exenatide activates brown adipose tis-
sue and enhances glucose uptake, but resting energy expen-
diture (REE) and substrate oxidation remain unchanged
[146]. Although GLP-1 and its agonists increase energy
expenditure by activating BAT thermogenesis in animal
models, these drugs do not significantly elevate peripheral
REE in humans. This indicates that there are species differ-
ences in the experimental results.

Brain-derived endogenous GLP-1 modulates feeding
behavior and exerts a critical function in sustaining body
weight homeostasis and protecting against obesity. GLP-1
neurons in the NTS suppress appetite by releasing GLP-1
into the PVH, thereby activating corticotropin-releasing
hormone (CRH)-expressing neurons [147]. Brain-derived
GLP-1 is primarily synthesized by preproglucagon (PPG)
neurons in the NTS. Under basal ad libitum feeding condi-
tions, PPG neurons do not generate meal termination sig-
nals; rather, they exert their appetite-suppressing effects
only under conditions of stress and overfeeding [148]. Cen-
tral and peripheral GLP-1 systems constitute two distinct
gut-brain axis circuits that independently suppress appe-
tite. The peripheral system relies on gut-derived GLP-1 or
pharmacological agents acting through GLP-1R-expressing
afferent neurons in the vagus nerve and GLP-1 receptor-
expressing neurons in the area postrema. In contrast, in the
central nervous system, PPG neurons in the NTS receive
oxytocin receptor-expressing vagal input and are involved
in inhibiting appetite [149]. GLP-1Rs are widely distributed
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throughout the central nervous system, and GLP-1R ago-
nists exert their appetite-suppressing effects by acting on
these receptors. GLP-1R agonists selectively activate GLP-
1R-expressing neurons in the DMH during feeding behavior,
and enhance pre-meal satiety in obese patients by inhibiting
NPY/AgRP neurons in the ARC [150]. Different GLP-1R
agonists exhibit distinct patterns of brain region activation.
For example, liraglutide primarily exerts its appetite-sup-
pressing and weight-reducing effects by activating GLP-
1R-expressing neurons in the lateral septum (LS) [151].
Semaglutide activates GLP-1R-expressing neurons in the
AP, which in turn activate Adcyapl-expressing neurons
in the NTS. These neurons subsequently project to brain
regions such as the PBN and the PVH, thereby promoting
fat utilization and suppressing appetite [152]. Therefore,
differences in the selective activation of brain GLP-1Rs by
different agonists may represent an underlying mechanism
for the heterogeneity in their ultimate weight loss efficacy.

Insulin: From Peripheral Regulation to Central
Energy Homeostasis

Insulin is secreted by pancreatic -cells and lowers blood
glucose levels by promoting glucose uptake and utilization in
skeletal muscle and adipose tissue, as well as by suppressing
hepatic glucose production. In addition, insulin promotes
glycogen synthesis in the liver and muscle, and stimulates
adipose tissue to convert excess glucose into lipids for storage
[153]. Insulin does not directly induce thermogenesis in brown
adipocytes, but it indirectly supports substrate oxidation in
these cells by promoting glucose uptake, thereby providing
part of the fuel for heat production [154]. In human studies,
imaging using PET-CT has shown that insulin robustly
stimulates glucose uptake in BAT, increasing it by fivefold
[155]. Under cold exposure, the insulin signaling pathway in
rat brown adipose tissue is significantly activated, enhancing
the capacity of brown adipose tissue to take up plasma
glucose and thereby ensuring the energy supply required for
sustained thermogenesis [156].

Besides its peripheral actions, insulin also regulates sys-
temic energy homeostasis and improves peripheral metabo-
lism through central pathways. Insulin receptors are widely
distributed in the brain. Neuron-specific insulin receptor
knockout (NIRKO) mice, due to the loss of central insulin sig-
naling, exhibit increased food intake and ultimately develop
obesity [157, 158]. Insulin enters the CNS not only via recep-
tor-mediated transcytosis across the BBB but also through
a tanycyte-mediated mechanism. Insulin receptors on tany-
cytes are required for insulin entry into specific brain regions
such as the ARC of the hypothalamus. Mice lacking insulin
receptors in tanycytes (IRATan mice) exhibit enhanced AgRP
neuron activity but lose the ability to dynamically regulate it
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according to feeding status [159, 160]. Enhancing insulin sig-
naling in AgRP neurons rapidly reduces food intake, particu-
larly the consumption of high-calorie palatable food, thereby
lowering blood glucose and alleviating insulin resistance
[161]. Both peripheral and central insulin resistance contrib-
ute to the pathological progression of obesity, type 2 diabetes
(T2D), and Alzheimer’s disease. Peripheral insulin sensitivity
can be assessed using the homeostatic model assessment for
insulin resistance index (HOMA-IR) and the hyperinsulin-
emic-euglycemic clamp technique. Central insulin resistance
can be assessed by intranasal insulin (INI) administration
combined with fMRI, which delivers insulin to the central
nervous system with minimal peripheral exposure, allow-
ing dynamic observation of insulin’s effects on specific brain
regions [162, 163]. Recent studies using the latter technique
have demonstrated that short-term high-calorie diet intake
in normal-weight men induces impairments in brain insu-
lin action. These changes occur before the development of
peripheral insulin resistance and persist after discontinuation
of the diet [164]. This suggests that brain insulin abnormali-
ties may serve as an early warning sign of metabolic disease,
and future studies may enable early screening of at-risk popu-
lations using related techniques.

Ghrelin: Two Forms and their Regulatory Network

Ghrelin is a 28-amino acid peptide hormone primarily
secreted by the stomach and duodenum. It exists in both acyl-
ated and unacylated forms and is involved in the regulation of
appetite, glucose homeostasis, and energy metabolism. Under
the catalysis of ghrelin O-acyltransferase (GOAT), the third
serine residue (Ser3) of ghrelin undergoes octanoylation to
form bioactive acylated ghrelin (AG), which is the primary
form responsible for its orexigenic effects. The unmodified
form is referred to as unacylated ghrelin (UAG) [165, 166].
Using ghrelin cell-selective insulin receptor knockout mice
(GhIRKO), it was found that the postprandial and obesity-
associated reduction in plasma ghrelin levels is mediated by
elevated insulin acting on insulin receptors (IR) expressed on
ghrelin cells to suppress ghrelin secretion [167]. Given the
orexigenic effect of ghrelin, this mechanism may be involved
in the regulation of postprandial satiety. Ghrelin is the endog-
enous ligand for the growth hormone secretagogue receptor
(GHSR). AG exhibits high affinity for GHSR and promotes
food intake by activating AgR/NPY neurons that specifi-
cally express GHSR in the ARC [168]. Recent studies have
revealed that ghrelin may be more involved in the regulation
of anticipatory feeding behavior. It acts on GHSR 1a-express-
ing neurons in the ventral subiculum (vS)-NAc projection
pathway, enhancing postsynaptic inhibitory transmission
and reducing the activity of these neurons, thereby facilitat-
ing the initiation of feeding behavior [169]. Liver-expressed

antimicrobial peptide 2 (LEAP2), primarily produced by
the liver and small intestine, is an endogenous antagonist of
the GHSR. It acts on GHSR in a non-competitive manner,
inhibiting ghrelin binding to the receptor and subsequent
downstream signaling [170]. AG increases during hunger and
promotes appetite, whereas LEAP2 increases during feeding
or in obesity and suppresses appetite. Electrophysiological
experiments have revealed that LEAP2 hyperpolarizes (inhib-
its the activity of) NPY neurons in the ARC and prevents AG
from activating these neurons [171]. Studies have shown
that simply inhibiting GOAT to reduce AG levels does not
achieve clinically meaningful weight loss [172]. In contrast,
UAG functions through a GHSR-independent mechanism. In
individuals with obesity, calorie restriction leads to elevated
levels of unacylated ghrelin, which contributes to improved
insulin sensitivity [173, 174]. In addition, the ratio of AG to
UAG (AG/UAG ratio) is elevated in individuals with obe-
sity. This ratio reflects the orexigenic effect of ghrelin more
accurately than the absolute level of acylated ghrelin alone
[175]. Therefore, strategies to control appetite by modulating
ghrelin should not be limited to reducing AG levels. Instead,
attention may also be directed toward increasing UAG levels
and focusing on the AG/UAG ratio, although further clinical
validation is still needed.

Innovative Breakthroughs in Multi-Target
Intervention Strategies

Drug Development: From Single-Target to Multi-Target

The development of anti-obesity drugs has undergone a
technological evolution from single-target to multi-target
approaches. Most early centrally acting monoamine-based
weight-loss drugs were withdrawn from the market due
to their severe adverse effects. In the late 1990s, orlistat
was approved as the first non-centrally acting anti-obesity
drug worldwide, exerting its effects by inhibiting gastro-
intestinal lipase. However, its weight loss efficacy is lim-
ited, and it is associated with significant gastrointestinal
side effects. It was not until the advent of GLP-1 recep-
tor agonists that a major breakthrough was achieved [176,
177]. Nevertheless, body weight regulation is a complex
process involving the coordinated action of multiple hor-
mones and multiple pathways, and single-target inter-
ventions still have limitations, including gastrointestinal
side effects and a high likelihood of weight regain upon
treatment discontinuation [178]. In contrast, combining
increased energy expenditure with reduced food intake has
become the mainstream approach to combating obesity
and diseases such as type 2 diabetes. To address the limi-
tations of single-target agents, multi-target anti-obesity
medications have been developed (Table 1). Among these,
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Table 1 Anti-obesity pharmacotherapies: Single-target, multi-target, and fixed-dose combination agents (Marketed or in Clinical Development)

Category  Drug Country of Mechanism of Action  Therapeutic Effects Adverse Develop-
development Reactions ment Status
Single-tar- Orlistat [186—188] Switzerland  Gastrointestinal lipase  Oral administration (120 mg, tid) Oily stool, Marketed
get drugs inhibitor; reducing fat ~ for 6 months resulted in a 4.65 kg fecal
absorption. weight loss, with a significant urgency,
rebound after discontinuation steatorrhea
Liraglutide [186, Denmark GLP-1R agonist; Subcutaneous injection(SC) (1.8— Gastrointes- Marketed
188] promoting insulin 3.0 mg, qd) for 5 months reduced the tinal Adverse
secretion, suppressing  incidence of prediabetes by 84-96%. Reactions
appetite, and delaying Mean weight loss with 3.0 mg was
gastric emptying. 7.2 kg, with rebound observed after
discontinuation
Semaglutide Denmark Once-weekly SC Marketed
[189-192] Non-diabetic obese patients
(potent, long-acting) (2.4 mg): 14.9% mean weight loss
at 68 weeks; 20% CV risk reduc-
tion at 33 months; 22% renal risk
reduction. Obese with T2D (1.0 mg):
1.1% HbA 1c reduction; 26% CV risk
reduction
Noiiglutide [193] China Daily SC Phase 11
Non-diabetic obese patients trial
(0.12-0.36 mg): mean weight loss of
8.03-8.50 kg at 24 weeks
Beinaglutide China Daily SC (tid) Marketed
[194-196] Non-diabetic obese patients
(short-term therapy) (0.2 mg): 6.0% mean weight loss at
(Fully human 16 weeks; 0.78% weight rebound at
GLP-1R) 12 weeks post-treatment
Orforglipron [182, Japan/USA Oral (daily) Marketed
197, 198] Non-diabetic obese patients (12—
(Oral non-peptide) 45 mg): 8.6%—12.6% mean weight
(G protein—biased loss; CV risk reduction. Obese with
agonist with- T2D (36 mg, 40 weeks): 1.48%
out B-arrestin HbA ¢ reduction from baseline
recruitment) (8.0%); 7.6% weight loss
Ecnoglutide [199, China Weekly SC Phase I1I
200] Non-diabetic obese patients trial
(long-acting) (2.4 mg): 13.2% mean weight loss at
(cAMP pathway- 40 weeks. Obese with T2D (1.2 mg):
biased activation) 2.39% HbA1c reduction from base-
line at 20 weeks
Setmelanotide USA MCA4R agonist (highly Daily SC Hyperpig- Marketed
[201-203] selective single-target); POMC/LEPR deficiency (ages 2—-5, mentation
(for POMC/LEPR acting on MC4R by 52 weeks): 26% BMI reduction. and injection
deficiency-related binding to MSH to POMC deficiency (ages>6, ~1 year): site reactions
obesity) reduce food intake 80% achieved>10% weight loss
and increase energy from baseline
expenditure.
Dual ago- Tirzepatide [179, USA GLP-1R/GIPR agonist; Weekly SC Gastrointes- Marketed
nist drugs  204-208] enhancing glucose- Non-diabetic obese (15 mg): 17.5%  tinal Adverse
dependent insulin mean weight loss at 52 weeks Reactions

secretion, suppressing

appetite, reducing
nausea, promoting
lipolysis.

(placebo 2.3%). Obese with T2D
(5-15 mg): HbAlc reduced by
1.87% to 3.02% at 104 weeks.
Comorbidities: Efficacy in moderate-
to-severe OSA and HFpEF
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Table 1 (continued)
Category  Drug Country of Mechanism of Action ~ Therapeutic Effects Adverse Develop-
development Reactions ment Status
AMGI133(Maridebart US Monthly SC Phase 11
Cafraglutide) [209, Non-diabetic obese (420 mg): 14.6% trial
210] mean weight loss at 52 weeks.
(antibody—peptide Obese with T2D (420 mg): 12.3%
conjugate)(extends mean weight loss; HbAlc reduction
the half-life) of 1.2-1.6% at 52 weeks; substantial
fat mass reduction
Mazdutide [211-213] China GCGR/GLP-1R ago-  Weekly SC Marketed
nist; enhancing glu- Obese/overweight with >1 weight-
cose-dependent insulin related comorbidity (6 mg, 48
secretion, suppressing  weeks): 14.01% mean weight loss;
appetite, promoting 8.5 mmHg reduction in systolic BP;
energy expenditure 36.7 pmol/L reduction in uric acid;
and fat oxidation, 29% reduction in triglycerides
reducing hepatic fat,
and improving liver
fibrosis.
Survodutide Germany, Weekly SC Phase II
[214-216] Denmark Non-diabetic obese (4.8 mg): 14.9% trial
mean weight loss at 46 weeks.
Overweight/obese with cirrhosis
(0.3-6.0 mg escalation): Reductions
in hepatic fat, liver stiffness, liver
volume, body weight, and metabolic
markers at 28 weeks.
Twice-weekly SC
Obese with T2D (1.8 mg): 1.68%
HbA ¢ reduction; 8.7% mean weight
loss at 16 weeks
Cagrilintide Denmark Amylin and Calcitonin Weekly SC Phase 11
[217-219] Receptor Agonist; Non-diabetic obese (4.5 mg): 7.8% trial
(Long-acting amylin activating DVC and mean weight loss at 26 weeks (vs.
analog) LPBN neurons via placebo), higher than 6.0% with
RAMP1/3, leading to  liraglutide 3.0 mg
short-term reduction in
food intake and weight
loss.
Multi- Retatrutide [9, USA GLP-1R/GIPR/GCGR  Weekly SC Phase 11
agonist 220-222] agonist; promoting Non-diabetic obese (12 mg): 24.2% trial
drugs insulin secretion, mean weight loss at 48 weeks.
suppressing appe- Obese with T2D (4-12 mg):
tite, delaying gastric 1.39-2.02% HbA Ic¢ reduction; 7.92—
emptying, enhanc- 16.94% weight loss at 24 weeks;
ing insulin secretion,  23.2% total fat mass reduction with
improving adipose 12 mg at 36 weeks.
tissue metabolism, MASLD (8 mg and 12 mg): >85%
increasing energy achieved resolution of hepatic steato-
expenditure, and sis at 24 weeks
reducing liver fat.
Phentermine [186, USA Norepinephrine Oral administration of 7.5 mg phen-  Insomnia, Marketed
223] transporter / Dopamine termine for six months resulted ina  dry mouth,
(short-term) transporter / Serotonin  5.5% reduction in body weight head-
(Central function) transporter; Enhances ache, and
hypothalamic norepi- palpitations

nephrine signaling,
leading to appetite
suppression.
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Table 1 (continued)

Category  Drug Country of Mechanism of Action ~ Therapeutic Effects Adverse Develop-
development Reactions ment Status
Combi- Qsymia (phenter- USA /; topiramate: Weak Combination therapy proved more anxiety, dry = Marketed
nation mine /topiramate) carbonic anhydrase effective than monotherapy with mouth, and
Therapies [224-226] inhibitor/AMPA/kain-  reduced side effects. Oral (once constipation
ate receptor antagonist/ daily)
GABA-A receptor Phentermine 7.5 mg/topiramate
enhancer; enhancing ~ 46.0 mg: 8.1 kg weight loss at 56
norepinephrine release weeks. 7.5/46 mg dose: 54% risk
and GABAergic activ- reduction in T2DM development at
ity, increasing energy 108 weeks (vs. placebo)
expenditure, inhibiting
AMPA /kainate recep-
tors, reducing appetite,
improving insulin
sensitivity and muscle/
fat utilization.
Naltrexone /bupro- USA Naltrexone: p-opioid  Oral (twice daily) Nausea, Marketed
pion [227-229] receptor antagonist/ Naltrexone 32 mg / bupropion headache,
bupropion: norepi- 360 mg: dizziness,
nephrine—dopamine Obese or obesity-related complica-  constipation
reuptake inhibitor; tions: 6.1% mean weight loss at 56
Bupropion inhibits weeks.
dopamine/norepineph- Obese with T2D: 0.6% mean HbAlc
rine reuptake; naltrex- reduction; decreased triglycerides;
one blocks p-opioid increased HDL cholesterol.
receptors. Synergistic ~ Bulimia nervosa (16 weeks): 31.3%
POMC activation to binge eating remission rate vs. 17.7%
suppress appetite and  with placebo
reduce food intake.
EMP16 (orlistat / Sweden /; Acarbose: Oral modified-release orlistat Gastrointes- Phase 11
acarbose) [230-232] a-glucosidase 120 mg/acarbose 40 mg for 6 months tinal Adverse trial
inhibitor; in obese patients resulted in 7.73%  Reactions
Acarbose inhibits mean weight loss, superior to modi-
a-glucosidase/a- fied-release orlistat 120 mg alone
amylase, reduces
glucose absorption,
and controls postpran-
dial glucose peaks; it
suppresses pro-inflam-
matory macrophage
phenotypes, improving
obesity-related inflam-
mation and insulin
resistance.
CagriSema (cagril- Denmark / Weekly SC Phase I1I
intide /semaglutide) Cagrilintide 2.4 mg/semaglutide trial

[183, 233]

2.4 mg (68 weeks): Non-diabetic
obese: 20.4% mean weight loss
Obese with T2D: 13.7% mean
weight loss; 73.5% achieved
HbA1c<6.5%
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tirzepatide—a dual glucose-dependent insulinotropic
polypeptide (GIP) and GLP-1 RAs—is now widely used in
clinical practice. It counteracts calorie restriction-induced
metabolic adaptation, increases lipid utilization, and sup-
presses appetite, while also reducing GLP-1R agonist-
related side effects, including vomiting and nausea, thus
enhancing treatment tolerability [179—181]. As the first
triple agonist targeting the GLP-1R, the glucose-depen-
dent insulinotropic polypeptide receptor (GIPR), and the
glucagon receptor (GCGR), Retatrutide has demonstrated
superior weight loss efficacy (24.2% reduction at 48 weeks
in the 12 mg dose group) in published phase II clinical
trials compared to currently approved single-target (e.g.,
semaglutide) and dual-target (e.g., tirzepatide) agents. The
synergistic activation of these three receptors produces
metabolic effects that surpass those of single-target or
dual-target approaches, simultaneously enhancing energy
expenditure, promoting lipolysis, and suppressing appe-
tite [9]. Orforglipron, the first oral small-molecule GLP-1
agonist, leverages its non-peptide structure to bypass the
need for injection inherent to conventional peptide drugs,
thus improving patient compliance [182]. Amylin is also
one of the most promising new targets for weight reduc-
tion after GLP-1. CagriSema, a combination therapy of
cagrilintide and semaglutide, achieved an average weight
loss of 20.4% after 68 weeks in obese patients without dia-
betes, demonstrating superior efficacy compared to either
agent alone and positioning it as a potential next-gener-
ation drug with significant commercial therapeutic value
[183]. The success of these multi-target drugs depends on
the precise design of multiple receptor agonist activities
within a single molecule. Recent studies have identified
a novel single target, the neurokinin 2 receptor (NK2R).
Upon activation, it suppresses appetite in a non-aversive
manner without relying on leptin signaling by modulat-
ing multiple brain regions involved in feeding, reward, and
metabolism. Moreover, it acts on peripheral tissues such
as WAT independently of classical BAT thermogenesis,
increasing energy expenditure while preserving muscle
mass [184]. Subsequent drug development can focus on
this receptor, providing direction for the creation of next-
generation weight-loss medications. In addition, a recent
study chemically conjugated a GLP-1 peptide analog with
the N-methyl-D-aspartate (NMDA) receptor antagonist
MK-801 into a novel single-molecule peptide-drug con-
jugate. This conjugate selectively delivers MK-801 to
GLP-1 receptor-expressing brain regions, achieving potent
weight loss and glycemic control while avoiding the severe
adverse effects associated with MK-801 alone [185]. This
strategy provides a new approach for the development of
safer anti-obesity drugs.

Microbiome Therapy: A Natural Dual-Target
Strategy for Obesity Management

While pharmacotherapeutic interventions are effective,
drawbacks such as side effects and weight rebound after
discontinuation remain significant challenges. In contrast,
microbial therapy presents a milder, more natural dual-
target alternative. Research shows that beneficial bacteria
such as Lactobacillus, Bifidobacterium, and Akkerman-
sia muciniphila (Akk) can improve host metabolism and
reduce obesity. For example, Lactobacillus acidophilus can
reduce food intake in mice on HFD. It also decreases the
relative abundance of Firmicutes, activates brown fat, and
regulates lipid metabolism genes [234]. Specific strains of
Bifidobacterium, such as B. longum MG723 and B. bifidum
MG731, can reduce weight gain in obese mice, enhance bile
acid signaling, and promote heat production in brown fat.
In humans, 12 weeks of supplementation with B. breve B-3
led to greater reductions in body weight and waist circum-
ference compared to a placebo [235]. Separately, the strain
Bifidobacterium adolescentis FJSSZ23M10 has been dem-
onstrated to reshape gut microbiota composition, upregu-
late metabolites such as butyrate and pyruvate, reduce lipid
accumulation in adipocytes, and enhance energy expendi-
ture [236].

Akk, a “star” probiotic for weight management, has been
shown to increase UCP1 expression and promote fat burn-
ing in HFD-fed mice. Concurrently, its secreted outer mem-
brane protein Amuc_1100 stimulates GLP-1 release, which
suppresses appetite centrally and reduces food intake [237,
238]. Clinical evidence confirms that supplementation with
Akk reduces weight gain by 10.4% [239]. Notably, a unique
advantage of this bacterium lies in the fact that even pasteur-
ized preparations of dead bacteria can exert similar effects.
Clinical studies indicate that volunteers who orally ingested
pasteurized Akk dead bacteria experienced an average weight
loss of 2.27 kg [240]. This characteristic allows it to circum-
vent interference from antibiotics, gastric acid, and BAs,
which often affect viable probiotics. However, the efficacy
of Akk supplementation exhibits considerable inter-individual
variability. Significant improvements in body weight, body
fat, and glycemic parameters—such as a 7% reduction in
visceral adipose tissue after 12 weeks of intervention—were
observed exclusively in subjects with low baseline Akk abun-
dance, where effective colonization was achieved. In con-
trast, no clinical benefits were detected in individuals with
high baseline Akk levels [241]. This suggests that the success
of microbial therapeutics is highly dependent on the host’s
initial microbial profile, providing a rationale for personal-
ized nutritional strategies. Nonetheless, this baseline-depen-
dent efficacy presents challenges; the long-term stability of
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bacterial colonization and its ecological interactions within
the gut microbiome remain key uncertainties for achieving
sustained therapeutic outcomes. In summary, although pro-
biotics represent a promising approach for obesity treatment,
clinical data to date indicate that they are far less effective
than GLP-1-based drugs. Therefore, probiotics are more suit-
able as an adjunctive combination therapy to GLP-1 agonists
rather than as a standalone treatment.

Microbial therapy modulates metabolism through exog-
enous microbial supplementation, whereas dietary inter-
ventions primarily reshape the endogenous gut microbiota.
A ketogenic diet has been shown to reduce the abundance
of Lactobacillus murinus while increasing serum levels of
TDCA and tauroursodeoxycholic acid (TUDCA) in mice,
ultimately leading to weight loss [242]. Conversely, resis-
tant starch (RS) remodels the gut microbial composition,
alters the bile acid metabolic profile, promotes the growth of
Bifidobacterium adolescentis, and significantly elevates Akk
levels. An 8-week RS supplementation in obese individuals
resulted in an average weight loss of 2.8 kg [243, 244].

Exercise: Simultaneously Promotes Fat Burning and
Suppresses Appetite

Owing to the “obesity memory” retained by adipocytes even
after successful weight loss, body weight often rebounds
rapidly. Exercise serves as a critical countermeasure against
such rebound [245]. When combined with dietary interven-
tion, regular physical activity exerts profound and sustained
anti-obesity effects [246, 247]. On one hand, exercise can
reverse impaired expression of FGF receptor-1 (FGFR1)
and B-Klotho (KLB) in adipose tissue of HFD mice, enhanc-
ing sensitivity to FGF21 in adipose tissue. Long-term exer-
cise remodels abdominal subcutaneous adipose tissue in
overweight or obese adults [248]. Compared to sedentary
individuals, long-term exercisers exhibit increased capil-
lary density, optimized extracellular matrix, enhanced mito-
chondrial activity, and reduced macrophage infiltration in
abdominal subcutaneous adipose tissue (aSAT). This trans-
forms “unhealthy” abdominal subcutaneous fat into a meta-
bolically active, low-inflammatory “healthy fat reservoir,”
enabling deep fat burning [249]. On the other hand, exercise
bidirectionally regulates fat metabolism through skeletal
muscle-secreted factors: irisin promotes the browning of
white fat, while myostatin and myoclinin inhibit thermo-
genesis. For instance, irisin upregulates UCP1 by activat-
ing the p38 mitogen-activated protein kinase (MAPK)/
ERK pathway, whereas musclin inhibits the cAMP/PKA
pathway through Tfrl antagonism [250-252]. More impor-
tantly, exercise also has an appetite-suppressing effect.
Strenuous exercise promotes the production of N-lactoyl-
phenylalanine (Lac-Phe) mediated by cytosolic nonspecific
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dipeptidase 2 (CNDP2) [253]. Through c-Fos mapping,
electrophysiology, and chemogenetics, Lac-Phe was shown
to decrease food intake in mice by directly suppressing
the activity of AgRP neurons, leading to disinhibition of
anorexigenic neurons in the PVH, without affecting energy
expenditure [254]. Metformin treatment has been directly
linked to elevated blood Lac-Phe levels; it drives glycolysis
and increases intracellular lactate by inhibiting mitochon-
drial respiratory chain complex I in intestinal epithelial
cells, thereby promoting Lac-Phe synthesis [255, 256].
Additionally, CNDP2 catalyzes the B-hydroxybutyrylation
of free amino acids to produce BHB-phenylalanine (BHB-
Phe), which acts on specific neurons in the hypothalamus
and brainstem to induce central appetite suppression [257].
When combined with chrononutrition strategies such as
daytime-restricted feeding (DRF), the beneficial effects of
exercise on lipid metabolism can be further amplified. DRF
enhances metabolic crosstalk between adipocytes and muscle
by rhythmically activating the AMPKa2 signaling pathway
in adipocytes. This process not only improves lipid metabolic
efficiency but also enhances exercise endurance [258].

Emerging Technologies: CRISPR and Al-Driven
Precision Medicine

Emerging technologies, ranging from CRISPR-based gene
editing to advanced biomimetic delivery platforms, offer
theoretical potential for weight regulation through targeted
modification of obesity-associated genes. Studies have dem-
onstrated the use of CRISPR-Cas9 to engineer human white
adipocytes into “human brown-like fat cells” (HUMBLE
cells), activating UCP1 expression to promote thermogenic
fat burning, with transdermal microneedle-assisted ultra-
sound enhancing delivery efficiency [259-261]. Addition-
ally, the development of biomimetic delivery systems (e.g.,
engineered bacteria, SEVs) is essential for overcoming the
BBB and translating these targets into clinical applications.
By modifying Lactobacillus plantarum to create an engi-
neered strain expressing leptin (Lp-Lep) and administering
itintranasally, significant mitigation of weight gain, suppres-
sion of appetite, and improvements in glucose metabolism
and fat deposition were observed in HFD-fed mice [262].
Similarly, precise targeting of AMPK signaling mediated
by hypothalamic sEVs represents a promising therapeutic
strategy for obesity management [263]. Furthermore, artifi-
cial intelligence (AI) is emerging as a pivotal tool in obesity
therapeutics. Al systems efficiently integrate multi-omics
data (e.g., genomics, proteomics, metabolomics) to identify
novel targets. For instance, AlphaFold enables high-accu-
racy prediction of protein structures, facilitating the analysis
of conformational dynamics in obesity-related receptors and
guiding the design of multi-target agonists [264]. Stanford
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researchers led by Professor Katrin Svensson have devel-
oped an Al peptide predictor that identified a novel natural
bioactive peptide derived from BRINP2 (BRP), which sig-
nificantly reduces food intake [265]. However, beyond the
shared safety and ethical concerns, these technologies face
specific bottlenecks: CRISPR’s off-target effects, the limited
in vivo stability of engineered bacteria, and the insufficient
in vivo validation of Al-based predictions, among others,
are critical issues that must be addressed in future research.

Conclusion

Obesity research has shifted from simple appetite suppres-
sion to multi-target synergistic interventions involving the
“central-peripheral” system. This review focuses on two core
dimensions: the fine-tuned regulation of appetite by central
neural circuits and the mechanisms of energy expenditure
in peripheral adipocytes. The central appetite-regulating
network is highly complex. In addition to the classic AgRP
and POMC neuron model, there exist other neuronal popula-
tions, such as SF1 neurons and BNC2 neurons, which form
multiple feeding-regulatory circuits through brain regions
including the PVH, LH, and NTS. However, most of these
mechanisms are based on animal models, as research tools for
studying neural circuits in humans remain limited. Even when
homeostatic satiety circuits are activated, the reward system
can still drive feeding. Peripheral adipocyte thermogenesis
provides a complementary “energy expenditure” strategy for
obesity intervention. Nevertheless, BAT has limited reserves
in humans and is influenced by age and sex. Fully activated
BAT consumes only approximately 100 kilocalories per day,
which is insufficient to counteract the sustained energy sur-
plus of a modern hypercaloric diet [266]. Therefore, relying
solely on activating endogenous brown fat thermogenesis
is unlikely to produce clinically meaningful weight loss in
humans. White adipose tissue serves as the primary form of
fat storage in the human body. Driving its conversion toward
a beige adipocyte phenotype (i.e., white adipose browning)
represents a promising therapeutic strategy. The synergistic
effect of this dual pathway strategy, combining central appe-
tite suppression with peripheral adipocyte thermogenesis, can
compensate for the limitations of each individual pathway
and achieve long-term metabolic sustainability.

Anti-obesity drugs have evolved from single-target appe-
tite suppression to multi-target central-peripheral synergistic
regulation. Although this evolution has greatly improved clin-
ical weight loss efficacy (triple agonists>dual agonists>sin-
gle agonists), limitations remain. For instance, while the
GIP/GLP-1 dual agonist exhibits fewer gastrointestinal side
effects (e.g., nausea and vomiting) than single-target GLP-1
receptor agonists, these adverse effects still occur. Moreover,

intraperitoneal injection—a peripheral delivery route—inex-
tricably links efficacy with side effects, complicating their
separation and compromising patient adherence. Based on
clinical experience with single-target GLP-1R agonists, the
issues of efficacy plateau and weight regain after treatment
discontinuation may also be potential challenges requiring
attention during long-term use of multi-target drugs. Further-
more, it remains unclear to what extent multi-target agonists
selectively activate each target in vivo. Due to the complex-
ity of central neural networks, pharmacological interventions
require multi-dimensional precision. On the one hand, drug
interventions must avoid non-specific activation or inhibition
and should actively circumvent neurons that may induce side
effects such as nausea and vomiting. On the other hand, the
effects of drug intervention are time-dependent, with admin-
istration at different time points potentially yielding distinct
outcomes. For example, AgRP neuron activity is regulated
not only by energy status but also significantly influenced by
circadian rhythms.

In recent years, the discovery of new targets and the emer-
gence of novel drug delivery technologies have been gradu-
ally overcoming the side-effect bottlenecks of existing drugs.
The novel single-target NK2R can simultaneously suppress
appetite and increase energy expenditure without inducing
side effects such as nausea. Additionally, engineered sEVs
can be used to specifically target distinct hypothalamic neu-
ron populations. Although current evidence indicates that the
regulation of AMPK activity in the VMH by sEVs primarily
promotes energy expenditure, this technology might also be
leveraged to modulate feeding behavior by extending targeted
interventions to other appetite-regulating circuits, such as the
ARC [263]. Furthermore, the use of probiotics has become
increasingly widespread and has gradually emerged as a fea-
sible strategy for obesity prevention or adjunctive anti-obe-
sity treatment. Weight-loss processes may lead to the loss of
muscle mass, whereas the specific gut microorganism Rose-
buria inulinivorans is capable of regulating the gut-muscle
axis and preserving muscle strength [267]. However, the effi-
cacy of probiotics may be influenced by individual baseline
gut microbiota composition or physiological status. To over-
come this limitation, it is necessary to assess baseline levels
before intervention to ensure that probiotic treatment targets
individualized needs and maximizes metabolic benefits.

In the future, the integration of Al and CRISPR technol-
ogy will enable the prediction of guide RNA activity at the
genetic level [268], facilitate the screening of multi-target
drugs, and support the development of biomimetic deliv-
ery systems represented by extracellular vesicles (such as
exosomes). This will allow for the design of personalized
weight loss strategies and drive the transformation of obe-
sity treatment from simple “weight reduction” toward “met-
abolic health remodeling”.
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