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Abstract

Adipose tissue is a functional endocrine organ comprised of adipocytes and other cell types that 

are known to secrete a multiplicity of adipose-derived factors, including lipids and proteins. It is 

well established that adipose tissue and its secretome can impact systemic energy homeostasis. 

The endocrine and paracrine effects of adipose-derived factors have been widely studied over 

the last several decades. Owing to technological advances in genomics and proteomics, several 

additional adipose-derived protein factors have recently been identified. By learning from previous 

efforts, the next challenge will be to leverage these discoveries for the prevention or treatment of 

metabolic disorders. Here, we discuss recently discovered adipose-derived proteins secreted from 

white or brown adipose tissue and the opportunities and challenges of translating these biological 

findings into disease therapeutics.

Introduction

Adipose tissue is a mosaic organ containing mature adipocytes, immune cells, neurons, and 

stromal vascular cells such as progenitors, fibroblasts and epithelial cells. The adipose tissue 

was previously viewed as an organ mainly involved in lipid storage [1]. Studies over the last 

decades have broadened the functional importance of adipose tissue on whole-body energy 

regulation. It is now recognized that adipose tissue is a principal site for hormone production 

[2] and a critical regulator of body temperature by controlling non-shivering thermogenesis 

and providing thermal isolation [3]. Some of the endocrine and paracrine effects of the 

adipose tissue are mediated through the secretion of adipose-derived proteins or cytokines 

commonly referred to as adipokines. For example, leptin, the cytokine-like 16 kDa adipose-

secreted protein discovered by positional cloning of the ob/ob gene, is one of the most 
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well-studied adipokines [4]. The importance of leptin in regulating food intake and energy 

expenditure is exemplified in ob/ob mice and genetically leptin-deficient humans, resulting 

in severe hyperphagia and obesity. The discovery of leptin represents a translational success 

story contributing to important biological insights resulting in the synthetic leptin analog 

Metreleptin as the first FDA-approved therapy for generalized lipodystrophy [5].

The adipose secretome is an intriguing area of intense research and many adipose-derived 

proteins, metabolites and lipids have been identified over the last decades. The secretome 

refers to the secreted components from a given cell type or tissue, including proteins, 

peptides, metabolites, lipids, and more recently, exosomes. The discoveries, functions 

and therapeutic potential of adipose factors identified during the last decades, including 

adiponectin, leptin, TNF-α, adipsin, chemerin, and resistin have been comprehensively 

reviewed elsewhere [6]. While we will not directly cover these protein hormones in this 

review, they serve as important benchmarks for investigating and determining the biological 

functions of newly discovered secreted factors. The expression and secretion of numerous 

secreted factors are dysregulated in obesity, metabolic syndrome, and type 2 diabetes, but 

have less often been comprehensively functionally characterized. Here, we focus on adipose-

derived proteins for which a function in regulating peripheral or central metabolism has been 

identified in the past five years. These include secreted protein acidic and rich in cysteine 

(SPARC), Slit2-C, mammalian ependymin-related protein 1 (EPDR1), neuregulin-4 (NRG4) 

and Isthmin-1 (ISM1). While these factors are predominantly derived from adipocytes, they 

are likely also secreted from other cell types or other tissues which will not be discussed 

in this review. First, we cover their in vitro and in vivo phenotypes in both gain- and loss-of-

function models and their mechanisms of action. Second, we highlight some key properties 

and lay the foundation for additional work aimed at understanding their mechanism of action 

and translational potential. Figure 1.

Recent adipose-secreted proteins and their functions in metabolism

SPARC

Secreted protein acidic and rich in cysteine (SPARC), also known as osteonectin or BM-40 

(basement-membrane protein 40) is a widely expressed protein that was initially discovered 

as a blood-secreted factor involved in bone formation [7]. While the function of SPARC 

has been largely studied in wound healing, tissue remodeling and cancer development [8,9], 

SPARC also appears to play a role in glucose homeostasis and adipogenesis, although its 

functional role in metabolism is still under debate. The expression of SPARC in adipose 

tissue is increased in genetically obese mice and in high-fat diet-induced obese mice [10,11]. 

In humans, plasma levels are positively associated with body mass index [12]. Moreover, 

elevated circulating SPARC levels positively correlate with insulin resistance, dyslipidemia 

and inflammation in women with gestational diabetes [13]. Overall, these data suggest 

that SPARC might respond to nutritional changes or might increase as a result of insulin 

resistance.

Functionally, conflicting in vitro studies point to SPARC as a beneficial factor in the 

induction of thermogenesis in adipocytes in white fat depots [14]. This process, also called 

“browning” or “beiging” is associated with improved metabolic health. SPARC also appears 
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to inhibit adipogenesis and induce insulin resistance, which is at odds with the process 

of browning [15]. Shen et al. showed that stable overexpression of SPARC in 3T3-L1 

cells induced insulin resistance as demonstrated by lower insulin-stimulated glucose uptake, 

a lower expression of adipocyte GLUT4 and an increased expression of inflammatory 

cytokines [15]. In 2020, Mukherjee et al. demonstrated that SPARC stimulates Ucp1 and 

Prdm16 expression in 3T3-L1 cells and in HIB1B brown adipocytes [14]. Using siRNA-

mediated knockdown, they also show that SPARC is required for the expression of brown fat 

markers in white and brown adipocytes. Necessity and sufficiency experiments suggest that 

SPARC regulates lipogenesis gene expression while concomitantly promoting lipolysis and 

fat oxidation in adipocytes. In addition, recombinant SPARC protein treatment suppresses 

C/Ebpα and Pparγ expression, two key transcription factors involved in adipogenesis 

[14]. SPARCs inhibitory effect on adipogenesis is likely occurring by direct action on 

preadipocytes, as recombinant SPARC treatment in cells inhibits adipogenesis, in part by 

enhancing the Wnt-β-catenin pathway during differentiation [16]. Although the receptor for 

SPARC is unknown, some data suggest that SPARC induces signal transduction through 

interacting with cell-surface integrins. It has also been proposed that SPARC can bind PDGF 

and VEGF and inhibit their binding to their cognate receptors [17] but whether SPARC 

regulates adipogenesis by signaling via growth factors remains unclear.

SPARC knock-out (KO) mice fed a high-fat diet have higher body weight as compared to 

wild-type mice [18,19]. In addition, several studies have reported that SPARC-KO mice 

have larger visceral and subcutaneous fat depots in comparison with wild-type mice [20,21]. 

Bradshaw et al. showed that deletion of SPARC in mice increases the average size of 

adipocytes as well as their number per fat pad and proposed that SPARC limits adipogenesis 

through its effect in ECM remodeling [20]. However, the control of fat deposition by 

SPARC protein needs further investigation in obese animal models. SPARC-KO mice are 

hyperglycemic, and present with lower glucose tolerance and a decreased insulin secretion, 

a phenotype likely secondary to the higher body weight [22]. It remains to be determined 

whether any of the observed phenotypes in vitro, including browning and lipogenesis, 

contributes to insulin resistance in SPARC-KO mice. To our knowledge, no pharmacological 

studies of recombinant SPARC in animal models have been performed. Collectively, these 

data suggest that SPARC may drive beneficial effects but further mechanistic studies, 

including detailing the cellular target and the direct mechanism of action using recombinant 

SPARC protein, are needed to determine any future therapeutic potential.

Slit2-C

Slit2 is an extracellular matrix protein belonging to the Slit family. Slit2 was first identified 

by Tessier-Lavigne’s group as a protein important for brain development and axon formation 

[23,24]. They found that this large protein is cleaved into N-terminal and C-terminal 

fragments, with the N-terminal protein controlling axon guidance. In 2016, the 50 kDa Slit2-

C fragment was also found to be expressed and secreted by mature fat cells in a quantitative 

proteomics screen from primary cultures of inguinal mature adipocytes. In adipocytes, Slit2 

expression is under the control of PRDM16, a transcriptional regulator of brown and beige 

fat [25]. Overexpression of the C-terminal cleavage form, but not the N-terminal fragment, 

is sufficient to induce PKA signaling and the expression of thermogenic genes in adipocytes 
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and to increase whole-body energy expenditure [25]. These results suggest distinct functions 

of the various proteolytic fragments of the same parent protein. Slit2-C overexpression also 

lowers BAT and iWATweight by 20—30% and improves glucose tolerance in diet-induced 

obese mice, but pharmacological administration of Slit2-C was not tested in this study [25].

In 2017, Kang et al. quantified the serum level of Slit2 in humans to probe its relevance 

for type 2 diabetes [26]. They found that circulating Slit2 correlates negatively with HbA1c 

and with fasted and fed serum glucose levels, suggesting Slit2 as a biomarker of glucose 

homeostasis [26]. However, no significant differences in serum Slit2 levels between control 

and diabetic patients were identified. In 2021, Liu et al. studied the effect of recombinant 

Slit2 in a rat model of coronary heart disease, based on the observation that Slit2 expression 

is lower in plasma and heart tissues of rats with coronary heart disease [27]. Notably, 

daily I.V injections of recombinant Slit2 for seven days are sufficient to lower blood lipids, 

myocardial fibrosis while improving cardiac function with a dose-sensitive effect, ranging 

from 1 to 10 μg/kg Slit2. Although this study did not investigate the specific function of the 

C-terminal fragment of Slit2, it suggests a role for Slit2 in improving cardiovascular disease.

The proposed receptors for Slit2-C are plexinA1 and the proteoglycan glypican-1 (GPC-1), 

although direct ligand-receptor binding experiments are still lacking [28]. The Slit2-C/

plexinA1 axis appears to be involved in axon guidance in the spinal cord during central 

nervous system development [29], but to what extent plexinA1 is mediating the effects on 

adipose browning is still unknown. Future studies on the functional receptors responsible 

for the metabolic effects of Slit2, the precise mechanism of action, and the enzymatic 

processing of Slit2-C are important to fully understand this pathway and its potential 

therapeutic use.

EPDR1

Mammalian ependymin-related protein 1 (EPDR1) is widely expressed across tissues [30] 

and was proposed as a novel brown-fat derived factor in 2019 based on its increase during 

brown fat differentiation [31]. EPDR1 is also present in the secretome of beige adipocytes 

[25] and was identified as a putative metabolic factor in a proteomics analysis comparing 

human brown and white adipocytes [31]. EPDR1 knockdown lowers oxygen consumption 

rates of cultured human primary brown adipocytes, presumably by regulating thermogenesis 

[31]. By performing proteomic analysis of human brown adipocytes, Deshmukh et al. 

showed that EPDR1 knockdown lowers mitochondrial proteins. Consistent with a role 

in thermogenesis, EPDR1 knockdown blunts the response to norepinephrine-induced 

expression of thermogenic genes, including Ucp1, Dio2, Ppara, Ppargc1a, suggesting a role 

for EPDR1 in response to adrenergic signaling [31].

EPDR1-KO mice demonstrate a 50% increase in body fat compared to control mice on 

a chow diet, supporting a role in activating thermogenesis in vivo. Furthermore, EPDR1 

deficiency lowers in vivo oxygen consumption rate and physical activity without affecting 

food intake, strongly indicating that EPDR1 controls energy expenditure in mice [31]. These 

experiments suggest a potential beneficial role for EPDR1 in obesity. However, increased 

whole-body energy expenditure was not recapitulated by daily dosing of recombinant 

EPDR1 for 21 days in mice fed a high-fat diet. The reason for the lack of efficacy 
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of the recombinant protein in mice is unclear, but the authors speculated that the room 

temperature housing conditions may have masked the effects of EPDR1. Based on EPDR1’s 

crystal structure that was solved in 2019 [32,33], EPDR1 may also have a function in lipid 

transport, particularly in the transport of neuronal lipids. In conclusion, EPDR1 is a new 

metabolic regulator important for brown fat commitment and energy homeostasis. Future 

studies to determine EPDR1’s mechanism of action and its direct signaling action on its 

receptor might guide the development of agonists with better efficacy in vivo.

NRG4

Neuregulins (NRGs) have emerged as interesting and potent candidates for improving 

vital aspects of metabolic health [34]. NRG is a subfamily of EGF-ligands that contains 

four members (NRG1 to NRG4) that binds to the ErbB tyrosine kinase receptor family. 

Among them, NRG4 was identified as a brown-fat secreted factor regulating energy 

metabolism [35,36]. NRG4 is also expressed in white adipose tissue and to a lesser extent 

in the liver. NRG4 expression is upregulated in white fat upon cold exposure and during 

brown adipocyte differentiation [35,36]. Recently, Comas et al. demonstrated that NRG4 
expression correlates with the expression of thermogenic genes and identified NRG4 as 

a marker of beige-adipocytes in humans [37]. Furthermore, adipose tissue expression of 

NRG4 is decreased in obese mice and humans and serum NRG4 levels are inversely 

associated with metabolic syndrome, cardiovascular diseases and non-alcoholic fatty liver 

disease (NAFLD) in obese humans [38-41]. These data indicate that impaired NRG4 

secretion may promote metabolic dysfunction. Wang et al. demonstrated that deletion of 

NRG4 induces glucose intolerance and insulin resistance and exacerbates hepatic steatosis in 

diet-induced obese mice [35]. Conversely, transgenic overexpression of NRG4 in mice fed 

a high-fat diet decreases fat mass, improves glucose tolerance, increases energy expenditure 

and alleviates diet-induced fatty liver [35,42].

Mechanistically, NRG4 binds to the tyrosine kinase receptors ErbB3 and ErbB4 and lowers 

de novo lipogenesis in hepatocytes by reducing the expression of the lipogenic genes 

downstream of srebp1c. NRG4 also protects from hepatic steatosis by accelerating fatty 

acid oxidation [42]. Taken together, these data strongly indicate that NRG4 regulates 

energy, glucose and lipid metabolism and have beneficial effects by improving NAFLD 

characteristics. While NRG4 was not tested as a pharmacological agent in these studies, 

the close family member NRG1 acting on the same receptors, has undergone extensive 

protein engineering to optimize its efficacy in reducing metabolic syndrome. Treatment 

with an NRG1 protein fused to an Fc domain to extend half-life lowers blood glucose, 

improves insulin sensitivity, and suppresses food intake in high-fat diet-fed mice [43]. 

Importantly, given the role of EGFR family receptors in cancer progression, it is plausible 

that pharmacological activation of the NRG4-Erbb4 signaling could be associated with 

adverse effects. However, little is known about ErbB4 signaling in cancer, but the data so 

far points towards a suppressive rather than protumorigenic effect of ErbB4, at least in 

the development of hepatocellular carcinoma [44]. The potential impact of NRG4/Erbb4 in 

tumorigenesis requires further study to assess the safety of neuregulin-based therapies.
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Isthmin-1

Isthmin (ISM1) was originally identified as a gene expressed in the Xenopus midbrain-

hindbrain organizer called Isthmus [45]. ISM1 is a 50 kDa secreted protein with a central 

thrombospondin domain and an adhesion-associated domain in MUC4 and other proteins 

(AMOP) domain. ISM1 has been shown to play a role in craniofacial development 

in humans and ISM1 knockdown in Xenopus laevis embryos results in craniofacial 

dysmorphologies [46]. Surprisingly, whole body Ism1 deletion in mice and Ism1 knockdown 

in zebrafish are not associated with craniofacial defects [47,48], pointing to potentially 

significant species differences in expression or function. Mouse Ism1 is expressed in 

adipocytes, immune cells and fibroblasts, while human ISM1 expression is highest in 

the thyroid gland but is also expressed in adipose tissue. Recently, Ism1 was identified 

by our lab as a functional regulator of metabolism [47]. In mice, Ism1 is secreted 

from mature adipocytes and has a dual role in increasing adipose glucose uptake while 

suppressing hepatic lipid synthesis [47]. Whole-body Ism1-KO mice are glucose intolerant 

and show higher insulin resistance. Likewise, Ism1 knockdown in adipocytes blunts the 

insulin-stimulated glucose uptake and insulin-stimulated signaling [47]. Ism1 binds to 

an unknown receptor and activates the PI3K-AKT pathway independently of the insulin 

receptor, or IGF1R to promote glucose uptake. While Ism1 and insulin share some common 

downstream signaling targets and glucoregulatory functions, there is also an important 

divergence in signaling pathways downstream of AKT, leading to Ism1-mediated reductions 

in insulin-stimulated de novo lipogenesis. The mechanism appears to occur by decreasing 

the expression of insulin-induced lipogenic genes such as Srebp1c, Fas and Acc, while 

also turning on anabolic pathways associated with protein synthesis [47]. Furthermore, 

therapeutic dosing of recombinant Ism1 improves glucose tolerance in diet-induced obese 

mice and reverses the lipid accumulation seen in established hepatic steatosis in a diet-

induced fatty liver mouse model [47]. The precise mechanism behind its ability to regulate 

lipid metabolism, and whether the effect of Ism1 in the liver is dependent on endocrine 

signaling from the adipose tissue remains to be determined.

The fact that ISM1 activates the PI3K-AKT pathway raises the potential concern that 

ISM1 may drive carcinogenesis. Previous studies suggest that ISM1 instead decreases 

tumor growth by inducing apoptosis and inhibiting angiogenesis in mice [49,50]. However, 

those studies made use of recombinant protein produced in bacteria that lack glycosylation 

machinery. It is not known whether mammalian recombinant ISM1 inhibits angiogenesis. 

Nevertheless, the potential role of ISM1 in promoting tumorigenesis needs to be further 

explored, notably after long-term therapeutic dosing in rodent and non-rodent models to 

better evaluate the safety of ISM1 therapeutics. In conclusion, ISM1 regulates glucose and 

lipid metabolism and might represent a new therapeutic target for metabolic disorders. 

Further work to better understand the receptor and its endocrine functions in energy 

metabolism will facilitate translational studies.

Therapeutic opportunities and challenges

Over the past decade, many adipokines with promising and interesting abilities to 

regulate metabolism have been identified, and as such, represent potential new therapeutic 
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opportunities for metabolic diseases. To date, > 200 therapeutics peptides and proteins and 

their drug analogs, including a few number of adipokines as protein therapeutics, have 

been FDA approved [51]. Understanding the biology, including receptor identification and 

studies of the receptor-ligand binding affinity properties are essential for the development 

of proteins as therapeutic agents [52]. Identifying the receptors and their tissue expression 

will also be important to evaluate potential adverse on-target effects on other organs. While 

some of the recent adipokines described here show therapeutic potential in preliminary 

work, most insights have been accomplished through loss- and gain-of-function models 

in vitro and in vivo, which do not always mirror the agonist action at pharmacological 

doses. Although the metabolic functions of these secreted factors have been validated 

in vivo using recombinant protein treatments (EPDR1 and ISM1) and/or whole-body 

knock-out mice (SPARC, EPDR1, NRG4 and ISM1), adipose tissue-specific loss- and 

gain-of-function studies are still required to fully understand their mechanism of action. 

Additionally, further studies on the contribution of each relative fat depot in the secretion of 

the protein factors described in this review are required to fully understand their biological 

relevance and therapeutic potential. For some ligands, the receptors are unknown, and for 

future therapeutic use, identification of the receptor and downstream signaling pathways 

will be essential to establish the tissue-specific contributions, to enable regulation of their 

bioactivities, and to develop specific bioassays. Among the proteins described in this 

review, direct downstream signaling pathways upon recombinant protein treatment have 

been performed for SPARC, ISM1 and NRG4. NRG4 is the only ligand for which a receptor 

responsible for the metabolic effects has been established.

Furthermore, rigorous protein quality control, pharmacokinetic and efficacy studies are 

necessary to facilitate translation. A short half-life will potentially limit the therapeutic 

efficacy and could require repeated dosing. As an example, the half-life of unmodified 

Ism1 is 70 min, likely requiring daily dosing for sufficient efficacy. PEGylation and Fc 

fusion strategies are frequently used to increase the circulating half-life of a drug. Likewise, 

glycosylation alterations can be used to affect the ligand binding to its receptor and overall 

bioactivity. Except for NRG1-Fc fusion proteins, modifications of the adipose-derived 

factors described here have not been performed. Moreover, approaches based on library 

screens and random protein mutagenesis have been used to generate receptor super-agonists 

or antagonists, as exemplified with CLCF1 (cardiotrophin-like cytokine factor 1), a cytokine 

from the IL-6 family [53]. Such approaches would generate unique and more potent receptor 

signaling agonists at lower concentrations.

Finally, in vivo studies in rodent and non-rodent models are essential to evaluate and 

modulate protein safety including on and off-target toxicity, immunogenicity [54], and 

mitogenic capacity. For example, Aldafermin, an engineered non-tumorigenic analog of the 

human hormone fibroblast growth factor 19 (FGF19) differs from the endogenous human 

FGF19 by having 3 amino acid substitutions (A30S, G31S, and H33L) and a 5-amino 

acid deletion in the N-terminal region. These modifications render the protein inactive in 

promoting mitogenesis while still maintaining its metabolic benefits [55,56]. Furthermore, 

immunogenicity, the unwanted immune response of the body against the therapeutic protein, 

needs to be considered in these studies, which can result in allergic reactions or loss of 

activity of the drug [57].
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In conclusion, there have been tremendous efforts in the past decades to identify new 

adipose-derived secreted factors that regulate peripheral tissue and systemic metabolism. 

This emerging picture supports the diversity in the regulation of whole-body metabolism, 

while also providing a framework for future discoveries. Although further studies detailing 

the mechanisms and structural properties are required, the recently identified factors 

discussed in this review demonstrate promising and interesting biological effects in vitro 
and in vivo. They represent possible future targets to understand the biology, and possibly 

treat or prevent metabolic diseases.
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Abbreviations

ACC acetyl-CoA carboxylase

C/EBPα CCAAT/enhancer-binding protein

c-FLIPL cellular caspase 8 (FLICE)-like inhibitory protein

DIO2 iodothyronine Deiodinase 2

ECM extracellular matrix

EGFR epidermal growth factor receptor

FAS fatty acid synthase

FGF fibroblast growth factor

GLUT4 glucose transporter type 4

GSK-3β glycogen synthase kinase-3beta

HbA1c hemoglobin A1c

IGF1R insulin-like growth factor receptor 1

PDGF Platelet-derived growth factor

PKA protein kinase A

PPARα Peroxisome proliferator-activated receptor alpha

PPARγ Peroxisome proliferator-activated receptor gamma

PPARGC1A PPARγ Coactivator 1 Alpha
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PRDM16 PR domain-containing 16

SREBP1 sterol regulatory element-binding protein-1

TGF-β transforming growth factor-beta

TNF-α tumor-necrosis factor-alpha

UCP1 uncoupling protein 1

VEGF vascular endothelial growth factor
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Figure 1. Adipose tissue-derived factors and their proposed roles in metabolism.
Adipose-derived protein factors are released from adipocytes or preadipocytes. Their 

proposed roles in metabolism include thermogenesis (SPARC, Slit2-C, EPDR1), 

adipogenesis (SPARC), glucose uptake (Ism1) and lipogenesis (Ism1, NRG4).
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