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Abstract

There is renewed interest in leveraging the thermogenic capacity of brown adipose tissue (BAT) 

and browning of white adipose tissue (WAT) to improve energy balance and prevent obesity. In 

addition to these effects on energy expenditure, both BAT and WAT secrete large numbers of 

hormones and cytokines that play important roles in maintaining metabolic health. Both BAT and 

WAT are densely innervated by the sympathetic nervous system (SNS) and this innervation is 

crucial for BAT thermogenesis and WAT browning, making it a potentially interesting target for 

manipulating energy balance and treatment of obesity and metabolic disease. Peripheral 

neuromodulation in the form of electrical manipulation of the SNS and parasympathetic nervous 

system (PSNS) has been used for the management of pain and many other conditions, but progress 

is hampered by lack of detailed knowledge of function-specific neurons and nerves innervating 

particular organs and tissues. Therefore, the goal of the National Institutes of Health (NIH) 

Common Fund project “Stimulating Peripheral Activity to Relieve Conditions (SPARC)” is to 

comprehensively map both anatomical and neurochemical aspects of the peripheral nervous 

system in animal model systems to ultimately guide optimal neuromodulation strategies in 

humans. Compared to electrical manipulation, neuron-specific opto- and chemogenetic 

manipulation, now being extensively used to decode the function of brain circuits, will further 

increase the functional specificity of peripheral neuromodulation.
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1. Introduction

Despite improvements in understanding the regulation of energy balance, there are still only 

a few efficient treatment options for obesity. Bariatric surgery, although highly effective, is 

only accessible to few, and pharmacotherapy has not been as effective as hoped for. It is 

increasingly realized that mono-therapies may not be optimal for a complex disease such as 

obesity and its comorbidities. Given that energy balance ultimately depends on both intake 

and expenditure, therapies that impinge on both components are more likely to be 

successful. Limiting energy intake alone through dieting has not been successful for long-

term weight loss because of strong adaptive counter-regulatory biological responses [1, 2]. 

Increasing energy expenditure through exercise has also been questioned as an effective 

weight loss therapy, partly because of upregulated food intake and lack of long-term 

compliance [3, 4].

Another strategy to increase energy expenditure has only recently been revived. Although 

the initial excitement about the possibility of burning excess energy by diet-induced 

activation of BAT [5] lost its momentum for many years, it was recently revived when 

significant amounts of BAT were detected in humans [6–10]. In addition, new research has 

shown that WAT has the potential to increase uncoupling protein 1 (UCP1) expression and 

start behaving more like BAT (called beiging or browning), not just storing fat but burning 

energy [11, 12]. Therefore, intense research is underway with the goal to leverage the energy 

burning capacities of both BAT and WAT in the fight against obesity. Ultimately combined 

with dieting and exercise, this strategy could be very powerful in resetting energy balance at 

a lower body weight.

Here, we discuss the possibilities of stimulating adipose tissue thermogenesis through 

targeted manipulation of its sympathetic innervation. Peripheral neuromodulation is the 

focus of a newly launched NIH Common Fund Initiative SPARC (https://

commonfund.nih.gov/sparc/index), which includes neuromodulation of the sympathetic 

innervation of adipose tissue. The anatomical and chemical organization of adipose tissue 

innervation has been comprehensively studied by the pioneering work of Timothy Bartness 

and his colleagues [13] and will be summarized only briefly in the first part of this review. 

Similarly, the diverse functions of adipose tissue have been discussed in excellent recent 

reviews [14, 15] and will only be summarized here. The main purpose of this review is to 

discuss different strategies for manipulating specific functions of adipose tissue with a focus 

on genetics-driven technologies.

2. Innervation of adipose tissue

The first studies on the sympathetic innervation of adipose tissue involved histological 

staining for nerves and later more specific staining for the sympathetic neurotransmitter 

noradrenaline (NA) [16], supported by biochemical assays to demonstrate increased 

lipolysis after adrenergic WAT stimulation [17]. More recently, Timothy Bartness and 

colleagues spearheaded the study of neuronal circuits involved in sympathetic adipose tissue 

innervation and made a major contribution to science by linking the brain to BAT and WAT 

bi-directionally. Using retrograde trans-synaptic neuronal tracer, pseudorabies virus (PRV), 
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they were the first to define pre- and post-ganglionic sympathetic innervation of adipose 

tissue in the Siberian Hamster and rats [18, 19]. PRV neurotropic capacity which enables it 

to jump across synapses allows tracking connectivity in adipose tissue sympathetic outflow 

pathway and its central neural command circuits [20]. Both neuroanatomical and functional 

studies using sympathetic nerve denervation led to extensive discoveries on adipocyte 

innervation and biology.

2.1. Sympathetic BAT innervation

In rodents, interscapular BAT is densely innervated by tyrosine hydroxylase (TH) and 

Neuropeptide Y (NPY) -positive nerve fibers, with fibers expressing both markers 

selectively innervating the microvasculature and fibers expressing only TH innervating 

brown adipocytes [21]. Fibers expressing only TH are in a position to release NA and 

stimulate β-adrenergic receptors (β-ARs) expressed by brown adipocytes, triggering a 

cascade of intracellular changes via the cyclic AMP-protein kinase A signaling pathway, 

including upregulation of UCP1 gene, increased lipolysis and glucose uptake, which results 

in an increased BAT thermogenic capacity and substrate availability [22]. Retrograde tracing 

identified postganglionic sympathetic neurons expressing the same markers bilaterally in 

ganglia of the sympathetic chain, particularly stellate ganglia [23] (Fig. 1). Clearly, 

additional postganglionic neurons are also located in more caudal sympathetic chain ganglia 

(T2–T6), but there is considerable uncertainty whether they extend even more caudal ([23] 

in rat, [24] in hamster, and our own unpublished data). The corresponding preganglionic 

neurons innervating BAT have been identified in the intermediolateral column of the spinal 

cord extending from the T1– T7 region and higher order neurons are located in various brain 

regions including the raphe pallidus and dorsomedial hypothalamus [19, 23, 25]. The 

functional necessity of the SNS for intact BAT function is demonstrated by surgical and 

chemical denervation methods, which block or greatly reduce most cold-induced BAT 

adaptations like UCP1 induction, increased blood flow, higher mitochondrial density, 

enhanced glucose uptake and activation of thyroid-activating enzymes [26].

2.2. Sympathetic WAT innervation

The thoracic ganglion 13 (T13) and the lumbar ganglia 1–2 (L1, L2) in the sympathetic 

chain provide the main sympathetic innervation of subcutaneous WAT, with minor 

contributions from more rostral sympathetic chain ganglia [27] (Fig. 1). Innervation of 

epididymal (eWAT) and abdominal mesenteric WAT (mWAT) has also been shown to 

originate in lower thoracic and lumbar sympathetic chain ganglia, with a certain degree of 

topographic segregation and overlap [28–30]. This topographic segregation may be 

underlying some of the differential effects of sympathetic stimulation, with eWAT showing 

stronger NA turnover rates than inguinal WAT (iWAT) [28]. A similar topographical 

segregation has been noted in the preganglionic neurons located in the intermediolateral 

column of the spinal cord that innervate different WAT depots [27].

In summary, we have a good general idea of where the sympathetic pre- and postganglionic, 

as well as higher order neurons innervating BAT and WAT are located. However, more 

comprehensive maps are necessary for successful neuromodulatory approaches. For 

example, besides neuronal cell bodies, projection pathways in connecting nerves need to be 
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identified for successful and selective electrical stimulation or inhibition. Furthermore, 

existing maps are a synthesis from at least 3 different species, hamster, rat, and mouse. It 

will be particularly important to generate comprehensive maps of sympathetic innervation in 

the mouse, as this species is the prime experimental model applying genetics-driven 

neuromodulation approaches. It is hoped that understanding adipose tissue innervation in the 

mouse and other model organisms will ultimately lead to better neuromodulation strategies 

in humans.

2.3. Sensory innervation of adipose tissue through dorsal root ganglia

The Bartness laboratory also spearheaded investigations to show the existence of sensory 

nerves in both BAT and WAT. The cell bodies of these sensory nerves are found in dorsal 

root ganglia and receive their sensory input from the adipose tissue and further propagate 

their signal to the central nervous system (CNS) [26, 31, 32]. Recent work further supports 

crosstalk between WAT and BAT. Anatomical studies found that WAT and BAT share 

discrete sympathetic outflows from the CNS [30], and sensory circuits of WAT and 

sympathetic circuits of BAT (and vice versa) also have significant overlap in the CNS [24]. 

These data provide evidence for feedback loops which permit crosstalk within the SNS 

control of WAT and BAT, and also for sensory information from one depot to influence 

sympathetic outflow to the alternate depot. Functional studies confirmed that the absence of 

SNS input to BAT is compensated by increasing sympathetic outflow to WAT in response to 

cold challenges [30]. Additional research demonstrated that lipolysis in WAT stimulates 

afferent sensory nerves and is sufficient to induce thermogenesis in BAT [33], confirming 

that WAT sensory activation can influence SNS outflow to BAT. Thus, these sensory nerves 

may sense products of lipolysis or consequences of sympathetically activated WAT. The 

nature of signals for adipose tissue sensory neurons remains unknown but it is predicted that 

the sensory information from adipose tissue could play an important role to influence 

adipocyte and depot size, inflammatory and metabolic responses [32].

3. Adipose tissue functions

3.1. BAT functions

The major function of BAT is to generate heat by burning energy and maintain body 

temperature [34]. Whether BAT thermogenesis also functions to get rid of excess energy has 

been a matter of intense debate over the last 40 years [5]. When BAT is activated, high 

amounts of lipids and glucose are combusted in this mitochondria-rich tissue. This fatty 

acidinduced thermogenesis depends on UCP1 [34], which is widely used as a marker for 

BAT. Following the influential paper from Rothwell and Stock on diet-induced 

thermogenesis [5], the initial excitement for BAT function to combat human obesity was 

soon dampened by the fact that only human newborns showed significant amounts of BAT 

while there was little support for significant amount of BAT in adult humans. However, over 

the last decade, metabolic imaging based on the use of an isotopic glucose analogue has 

provided conclusive evidence that functional BAT exists in adult humans [35], which has 

driven a renewed interest for the role of BAT in energy balance regulation in relation with 

obesity.
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Recent studies have confirmed an additional and important secretory role of BAT (see [14] 

for a recent review). Briefly, so-called batokines can act locally in an autocrine and/or 

paracrine fashion to either enhance (bone morphogenetic proteins, fibroblast growth factors, 

prostaglandins and lipocalin D synthase, interleukin 6 and chemerin) or inhibit (soluble form 

of the LDL receptor sLR11, endocannabinoids and endothelin-1) thermogenesis and 

modulate other BAT functions [14, 36]. In addition to these autocrine and/or paracrine 

factors, BAT also interacts with endocrine systems where a sympathetic NA release induces 

type-2-iodothyronine-deiodinase (DIO2) activity to convert the thyroid prohormone 

thyroxine (T4) into its biologically active form triiodothyronine (T3), a major regulator of 

metabolism. DIO2 is present in brown adipocytes, but not white adipocytes [37], and BAT 

can be an important contributor of circulating T3 apart from the thyroid gland [38]. 

Importantly, T3 also contributes to BAT-induced adaptive thermogenesis by promoting 

UCP1 expression and other components of the thermogenic BAT machinery [39].

The role of cytokines in the regulation of BAT has only begun to be explored. They seem to 

be key functional regulators of insulin sensitivity and thermogenic adaptation to cold stress 

in healthy BAT [40]. Increased expression of some pro-inflammatory cytokines have been 

reported in BAT under obesogenic conditions in rodents, potentially to counteract the 

increase in thermogenesis, and BAT-derived anti-inflammatory cytokines have also been 

associated with heat production [14].

The strong correlation between increased BAT activity and protection against obesity, 

hyperglycemia and hyperlipidemia [41] suggests that manipulating BAT activity and mass 

would bring substantial clinical benefits and could lead to the development of new 

therapeutic tools to combat obesity and metabolic disorders.

3.2. WAT functions

Besides its fat storage capacity, WAT is now recognized as a metabolically dynamic 

endocrine organ that is capable of synthesizing hormones like leptin and adiponectin, and 

several cytokines that regulate metabolic and other diverse biological functions [42, 43]. For 

instance, leptin can induce UCP1 expression in BAT and WAT in an SNS-dependent manner 

[44, 45], in addition to its well-known anorexigenic function. Adiponectin, also mainly 

secreted by WAT, is regulated by long-term metabolic changes [46], and has impressive 

health-promoting characteristics [43, 47].

WAT can secrete other factors that increase insulin resistance (retinol binding protein-4, 

resistin, and visfatin) or improve insulin sensitivity, glucose uptake or storage of 

triglycerides (apelin, acylation stimulating protein) [43, 48]. The onset of obesity-associated 

insulin resistance is thought to be due to an altered production of adipokines and an increase 

in WAT pro-inflammatory cytokines [49]. This can partly be explained by an increased 

number of white adipocytes, but mainly by a greater number of infiltrating macrophages 

associated with the expansion of WAT in obesity [50]. The strong association between 

adipose tissue mass and the secretion of pro-inflammatory adipokines has led to the idea that 

inhibiting pro-inflammatory adipokines is a promising strategy for the treatment of obesity-

related diseases.
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Small non-coding RNA molecules, especially microRNAs (miRNAs) are also relevant for 

adipose tissue functions such as adipogenesis, differentiation, proliferation, and browning of 

WAT [51, 52]. Many studies have found that dysregulation of various miRNAs can have 

profound effects on BAT/WAT physiology including energy expenditure, insulin sensitivity, 

and lipolysis [51] (for a comprehensive review of individual miRNA function in adipose 

tissue, see [53]). These effects are mediated at different levels within adipocytes, influencing 

intracellular signaling (e.g. growth factor signaling), production and release of adipokines, 

(e.g. serum adiponectin levels) and crosstalk between adipocytes and immune cells [53]. 

miRNAs were shown to be secreted by exosomes into the circulation and thus are capable of 

acting in distant tissues [54]. Therapeutic use of miRNAs is thus a promising strategy and 

several miRNA constructs are already in development for the treatment of obesity and 

related conditions [52, 53].

The new view of BAT and WAT as endocrine organs has not been well integrated in our 

current understanding of adipose tissue innervation and central regulation of adipose tissue 

function. Much work remains to determine the role of the SNS in these diverse functions of 

adipose tissue, and neuromodulation will be an essential strategy to reach this goal. 

Undoubtedly, modulation of higher order sympathetic neurons in the brain may result in 

beneficial health effects, particularly if we view central “command neurons” as orchestrators 

of a pattern of sympathetic (and even parasympathetic) outflow to achieve a particular 

beneficial effect. However, with such potential advantages also come disadvantages, such as 

difficulty to selectively manipulate and rule out unwanted side effects. For the time being, 

peripheral neuromodulation seems to be more feasible because it is likely to have more 

selective functional effects and is easier to implement.

4. Peripheral neuromodulation of adipose tissue

One of the goals of the SPARC program is to generate comprehensive and detailed 

anatomical and functional maps of the peripheral nervous system, which can then be used 

for the design of neuromodulation strategies. For example, recently developed tools for 

targeted neuromodulation through genetically engineered channels and receptors, now 

widely used in the CNS of animal models, represent promising opportunities for peripheral 

neuromodulation in humans. We will therefore focus our discussion on the potential and 

limitations of old and new methods of peripheral neuromodulation.

4.1. Pharmacological manipulation

Getting rid of excess fat by increasing metabolic rate is not a new idea. For example, the 

chemical uncoupler dinitrophenol, the nonselective sympathomimetic ephedrine, and the 

serotonin-noradrenaline reuptake inhibitor sibutramine had been used for weight loss 

therapy, but their often severe and sometimes fatal side effects due to nonspecific functions 

caused them to be banned or highly regulated in many countries [55]. Other β-AR agonists 

can similarly increase energy expenditure and promote weight loss but share the same 

problem of unwanted side effects with the scope and severity of such side effects depending 

on the type of targeted receptors [56]. These pharmacological agents are technically not 

neuromodulators because they mostly act on cell surface receptors or intracellular 
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components of end organs. However, β3-AR is a direct target of sympathetic BAT activation 

and the β3-AR agonist mirabegron, approved for treatment of overactive bladder in humans, 

effectively induces energy expenditure in humans without significant side effects, at least 

during the short-term test period [57]. This study also reassured that enhancing the 

sympathetic output to adipose tissue can be a feasible option to treat obesity and diabetes

4.2. Electrical manipulation

Electrical stimulation of the central and peripheral nervous system has been applied 

therapeutically for centuries. Several devices aiming to electrically modulate regions of the 

brain have been approved by the US Food and Drug Administration, including deep brain 

stimulation [58] and electroconvulsive therapy [59], both used clinically to treat depression 

and other psychiatric disorders. Electrical stimulation at the level of peripheral nerves is also 

currently used in patients [60]. Peripheral nerve and spinal cord stimulation are both 

efficient therapies to treat chronic pain via the implantation of a permanent stimulator under 

the skin [61]. Transcutaneous electrical nerve stimulation is also used for pain therapy as a 

noninvasive alternative [62].

Neuromodulation specifically targeting the vagus nerve has been used to treat a variety of 

conditions, including epilepsy, depression, migraines, Alzheimer and Parkinson diseases as 

well as inflammatory bowel disease, irritable bowel syndrome, rheumatoid arthritis, 

psoriasis [63, 64]. Sacral nerve stimulation is successfully used in patients to treat 

incontinence and constipation [65]. The drawbacks of implanted electrical stimulation 

systems are that they require invasive surgeries to ensure the proper placement and 

maintenance of a stimulator [66]. Furthermore, as is the case with most metal implants, 

neuro-stimulators usually prevent the use of magnetic resonance imaging. In general, 

electrical stimulation of peripheral nerves lacks specificity because they are typically 

composed of nerve fibers with many different functions. For example, the vagus nerve 

contains both sensory and motor fibers with a host of different functions [63]. More 

comprehensive and detailed maps will greatly improve the development of electro-

neuromodulation therapies.

4.3. Genetics-based manipulation

Gene therapy has gained momentum as a method to treat human disease. The molecular 

tools for gene delivery have evolved and recombinant vectors based upon adeno-associated 

virus (AAV) have made significant progress toward clinical application [67, 68]. In fact, 

AAV-based gene therapy shows promising results in currently ongoing human clinical trials 

in the treatment of Parkinson disease [69, 70], choroideremia [71] and cardiovascular 

disease [72]. Thanks to a better biological understanding of these advanced tools, we are 

witnessing an unprecedented expansion of possibilities in genetics-based therapies. We will 

discuss some noteworthy breakthroughs and how they can be applied to stimulate adipose 

tissue.

4.3.1. Optogenetic manipulation—Neuromodulation mediated by optogenetics 

represents a novel gene therapy strategy that uses light as a stimulus to activate 

photosensitive channel proteins in order to affect neural activity. It has been widely used in 
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the CNS of rodents since its development about a decade ago [73] and more recently applied 

to modulate various neural circuits in the periphery in rodents. For example, optogenetics 

was used to activate or inhibit motor neurons and muscle activity using an implantable light 

delivery system in freely moving animals [74, 75]. Application of optogenetics in the 

peripheral nervous system has also been successfully used to inhibit pain [76] and return 

vision to blind mice [77]. In a non-viral genetic approach, optogenetics was previously used 

to specifically activate sympathetic TH-fibers innervating iWAT [78]. This resulted in 

increased lipolysis (NA release, phosphorylation of hormone-sensitive lipase) and was 

sufficient to decrease the adipose tissue size.

The animal studies described above give a glimpse at future possibilities for human 

therapies, but there are several hurdles to be overcome for clinical applications of 

optogenetics, such as target specificity, safety, long-term effectiveness, and optimal light 

delivery [79]. In mice, a cell type- or tissue-specific opsin protein expression is achieved 

mainly by the transgenic Cre-LoxP system, but this is not applicable to humans or most 

other species. Within the CNS, this limitation has been overcome, e.g. in rat studies, by 

injecting viral constructs with gene expression under the control of a cell- or tissue-specific 

promoter [80–82].

While virally-driven genetic approaches are constantly developed and improved at a fast 

pace and with a greater precision, viral tools tailored for the peripheral nervous system have 

surprisingly lagged behind. One hindering factor is that autonomic ganglia (e.g. 

paravertebral sympathetic chain or prevertebral ganglia like the celiac and mesenteric 

ganglia) are difficult to target and typically consist of a mix of neurons that serve distinct 

peripheral organs. This can be circumvented by a direct delivery of virus into a peripheral 

end organ, as has been done in the muscle to express organ-specific opsin genes [75]. In this 

study, the muscle-injected virus retrogradely transduced motor neurons in the sacral spinal 

cord and their innervation of the muscle was stimulated optogenetically.

However, the direct delivery of virus into an end organ does not completely solve the 

problem of specificity because peripheral organs are normally innervated by multiple 

neuronal cell types. For example, adipose tissue is innervated by both sympathetic and 

sensory neurons and injecting AAV-ChR2 into adipose tissue may transduce both cell types. 

This issue can be resolved by driving ChR2 expression with a promoter/enhancer that is 

selectively active in sympathetic neurons, not in sensory neurons, or by engineering AAV 

capsid proteins to grant a specific tropism toward sympathetic nerve endings. Both strategies 

require detailed molecular understanding of neurons innervating adipose tissues, which is 

one of the main goals of the SPARC program.

Even after all molecular and genetic strategies have been figured out, many technical issues 

still have to be carefully assessed such as the most effective and safe virus titer, the most 

ideal frequency of viral injection, and the most efficient light delivery method. Recent 

advancement in optimal viral gene expression and wireless optical devices are expected to 

push forward optogenetics as a therapeutic option [83, 84]. Finally, non-human primate 

models for optogenetics-based neuromodulation would be an important step toward 

accelerating its application in humans [85].
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4.3.2. Chemogenetic manipulation—Chemogenetic neuromodulation uses a small 

molecule ligand to activate synthetic G protein-coupled receptors, designer receptors 

exclusively activated by designer drugs (DREADDs), with various downstream 

consequences on neuronal excitability [86]. DREADDs were originally created by directed 

mutagenesis of human M3 muscarinic receptor (hM3) to achieve selective activation by the 

inactive clozapine analog clozapine-N-oxide but insensitivity by the endogenous ligand 

acetylcholine [87]. Chemogenetics has been applied in the periphery in one recent study in 

primary afferent nociceptors for sustained inhibition of pain [88]. The main advantage of 

chemogenetics over optogenetics is that it does not require an optical device, which may 

involve invasive surgeries, frequent battery changes, and high cost. Another advantage is that 

different flavors of DREADDs can modulate a variety of internal signaling that does not 

directly affect neuronal activity but rather adjust neuronal plasticity. This type of modulation 

can potentially be useful when a subtle change is more desirable than a blunt stimulation or 

inhibition of neurons. However, the use of a chemical ligand for receptor stimulation lacks 

temporal control of neuronal activity as opposed to optogenetics. The choice between 

optogenetics and chemogenetics would depend on whether the target organ and symptoms 

require an instant on-off control (optogenetics) or long-lasting effects (chemogenetics).

4.3.3. Radio- and magneto-genetic manipulation—Recently a new genetic way of 

controlling neural activity or gene expression was introduced, which has distinctive 

advantages over optogenetics and chemogenetics [89–91]. In this approach, an engineered 

heat- and mechano-sensing transient receptor potential vanilloid 1 (TRPV1) is co-expressed 

with iron-storing ferritin protein that is tethered to TRPV1. When low radio frequencies or 

magnetic fields are applied to cells expressing both TRPV1 and ferritin, TRPV1 opens up to 

allow Ca2+ entry into the cell for neuronal activation or transgene expression. By using 

deep-penetrating radio waves or magnets for channel activation, the invasive optical cable 

implantation of optogenetics can be avoided. Furthermore, the instant on-off capability and 

no requirement of chemical injection are advantages over chemogenetics. Drawbacks of this 

approach would be a relatively big expression cassette that may be too big to be packaged 

into AAV for safer and longer expression, and a potential problem with using radio waves or 

magnets in people with metal implants.

4.3.4. Other potential gene therapy strategies—In addition to delivering ChR2- or 

DREADD-expressing viral vectors into the fat-innervating sympathetic neurons, AAV-based 

gene therapy can be applied to enhance the sympathetic output to adipose tissue or to 

amplify β-AR signaling in adipocytes. The most direct and perhaps most effective way 

would be delivering UCP1 gene into iWAT. However, it requires further investigation 

whether simply over-expressing UCP1 in iWAT without inducing browning would be an 

effective long-term solution. Other potential targets for gene therapy could be genes involved 

in browning of white adipocytes, β-AR signaling, or synthesis and release of NA. Secreted 

molecules from other tissues that are known to stimulate BAT or promote WAT browning 

would also be worth consideration. With better understanding of adipose tissue browning 

and underlying neural circuits, we will have a greater repertoire at our disposal.
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AAV-based gene expression levels may be hard to control and overexpression can potentially 

cause unexpected side effects while insufficient expression can render the therapy 

ineffective. Also, AAV-introduced genes may have a limited expression time, which would 

be problematic for human therapy where long-term cures would require efficient expression 

over decades.

In rare cases of monogenic obesity syndromes with a known genetic variance (e.g. leptin 

receptor deficiency), a recent innovation of gene editing, CRISPR/Cas9 may be applied to 

correct genetic errors (for detailed information about CRISPR/Cas9, see reference [92]). 

This method may even be used to introduce a genetic variance that is known to enhance BAT 

function or stimulate WAT browning to individuals with an increased risk of obesity as a 

preventive measure. By editing the endogenous genome permanently, CRISPR/Cas9 can 

overcome the longevity problem of the exogenous gene expression by viruses. In animal 

models, successful applications of the technology to congenital genetic diseases have 

already been reported [93, 94]. The most important task for human application of CRISPR/

Cas9 would be minimizing off-target effects of guide RNAs [95, 96].

5. Conclusions

The re-discovery of significant depots of brown fat in humans and the potential for 

transforming white into brown-like fat has generated considerable interest in leveraging 

adipose tissue thermogenesis for treatment and prevention of obesity and metabolic diseases. 

Given the crucial role of sympathetic innervation in adipose tissue thermogenesis, it has 

become an important target for neuromodulation therapies. Although exciting recent 

progress has been made on characterizing cross-talk between sensory and sympathetic 

innervation of BAT and WAT, much work remains to anatomically and molecularly identify 

function-specific pre- and postganglionic neurons and making them accessible for peripheral 

neuromodulation. Genetics-based viral tools for whole-body visualization and mapping of 

peripheral sympathetic neuronal circuits innervating brown and white fat in mice are 

currently being developed. Genetics-based tools and techniques will also be important for 

transfection of specific pools of chemically identified pre- and postganglionic neurons 

selectively innervating BAT and WAT. This will open up the possibility for opto- and 

chemogenetic modulation to selectively modulate BAT thermogenesis, browning of white 

fat, and other functions of adipose tissue. Ultimately, novel gene therapy approaches should 

make sympathetic innervation of adipose tissue also accessible for neuromodulation in 

humans.
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Highlights

• Neuromodulation of adipose tissue can be a new therapeutic strategy for 

obesity.

• Genetics-based neuromodulation can reduce side effects with improved 

specificity.

• AAV-based gene therapy is promising for genetics-based neuromodulation.
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Fig. 1. 
Schematic diagram showing sympathetic and afferent innervation of interscapular brown fat 

(iBAT) and inguinal white fat (iWAT). Postganglionic sympathetic neurons are located in the 

upper (stellate ganglia, T1/T2 to about T6) for iBAT, and in the lower (T7 to L3) 

sympathetic chain ganglia for iWAT. Postganglionic neurons innervating brown and white 

adipocytes express noradrenaline (NA, red), while neurons innervating the vasculature 

express NA and neuropeptide Y (NA/NPY, purple). Preganglionic neurons for both fat pads 

are located in the intermediolateral column (IML) of the spinal cord and express 

acetylcholine (Ach, blue). Both fat pads are also innervated by afferents with cell bodies 

located in the dorsal root ganglia (DRG), expressing substance P (SP) and calcitonin gene-

related peptide (SP/CGRP, gray). Higher order sympathetic outflow is mainly originating in 

the nucleus raphè pallidus with 5-hydroxytryptamine (5-HT) and thyrotropin-releasing 

hormone (TRH) and hypothalamic nuclei including the paraventricular nucleus (PVH), 

dorsomedial nucleus (DMH), and medial preoptic nucleus (MPO), with glutamate as major 

transmitter. For simplicity, innervations of epididymal white fat (eWAT) and mesenteric 
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white fat (mWAT) are not shown. For more information on eWAT and mWAT innervation, 

please refer to [27, 28].
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