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Abstract

The effects of Endocrine Disrupting Chemicals (EDCs) on the current obesity epidemic is a 

growing field of interest. Numerous EDCs have shown the potential to alter energy metabolism, 

which may increase the risk of obesity, in part, through direct actions on adipose tissue. While 

white adipose tissue has historically been the primary focus of this work, evidence of the EDC-

induced disruption of brown and beige adipose tissues continues to build. Both brown and beige 

fat are thermogenic adipose depots rich in mitochondria that dispense heat when activated. Due 

to these properties, brown and beige fat are implicated in metabolic diseases such as obesity, 

diabetes, and cachexia. This review delves into the current literature of different EDCs, including 

bisphenols, dioxins, air pollutants, phthalates, and phytochemicals. The possible implications that 

these EDCs have on thermogenic adipose tissues are covered. This review also introduces the 

possibility of using brown and beige fat as a therapeutic target organ by taking advantage of some 

of the properties of EDCs. Collectively, we provide a comprehensive discussion of the evidence of 

EDC disruption in white, brown, and beige fat and highlight gaps worthy of further exploration.
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1.1. Introduction

Despite growing acknowledgement and therapeutic advancements, the obesity epidemic 

continues worldwide and is estimated to reach a global prevalence of one billion adults 

by 2030 (Kelly et al. 2008). This increase in weight cannot solely be explained by one 

outstanding factor, as social, economic, and cultural components all contribute to the 

spread (Wang and Beydoun 2007). Lifestyle factors, such as diet and physical activity, 

in addition to an individual’s genetics, have been long considered to be the leading 

contributors to the development of obesity (Zhang et al. 2014). However, it has become 

increasingly recognized that various chemicals in our built environment can interact with 

the endocrine system, altering the homeostatic mechanisms that control energy imbalance 

that can increase susceptibility to obesity and metabolic disease (Darbre 2017). These 

classes of environmental chemicals that are known to disrupt the regulatory actions 

of hormones, interfering in health and disease, have been termed ‘endocrine-disrupting 

chemicals’ (EDCs).

EDCs are inclusive of a wide range of synthetic compounds that are used in either the 

manufacturing of or as a component of the final product in various consumer goods. 

As of 2020, over 86,000 unique manufactured chemicals have been registered with the 

U.S. Environmental Protection Agency (U.S. 2021); however, it is not well known how 

many of these may disrupt endocrine function in mammals. EDCs can be found in a wide 

range of commercial products such as pesticides, plastics, clothing, personal care products, 

and in both building materials and food packaging, among others. Hence, humans, pets, 

and wildlife are exposed to numerous EDCs throughout the lifespan, some of which can 

have long half-lives in the body and can take years to be fully metabolized and excreted 

(Diamanti-Kandarakis et al. 2009). As compounds that can either directly bind to hormone 

receptors or interfere with hormone signaling, EDCs can have a wide range of impacts 

including reduced fertility, cancer, cardiovascular disease, and neurological disorders. A 

comprehensive summary of systemic effects of EDCs can be found in the recent review by 

Kahn et al. (2020). However, for the purpose of the current review, there is growing evidence 

that EDCs may have obesogenic properties thereby contributing to the increasing rates of 

metabolic disease in both adults and children.

1.2. Obesity and EDCs

The endocrine system plays a pivotal role in regulating the metabolism of fats, 

carbohydrates, and proteins. Thus, interference in the hormonal control of metabolism can 

lead to deposition of fat, and hence, obesity (Darbre 2017). Interestingly, EDCs have the 

potential to mimic hormonal actions, allowing them to exhibit a wide range of effects. 

Most examples of EDCs studied act through the nuclear hormone receptor superfamily, 

which includes steroid hormone receptors, thyroid hormone receptors, retinoid X receptors 

(RXR), peroxisome proliferator-activated receptors (PPAR), liver X receptors, and farnesoid 

X receptors (Grun and Blumberg 2007). A common feature of nuclear receptor ligands 

is their small size and lipophilicity. Not surprisingly, many EDCs share these same 

characteristics. For example, activation of the nuclear hormone receptor PPARγ is known to 
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promote fat cell differentiation (Rosen et al. 1999). PPARs dimerize with RXR and bind to 

PPAR-responsive DNA regulatory elements controlling the expression of genes involved in 

adipogenesis, glucose, lipid, and cholesterol metabolism (Maradonna and Carnevali 2018).

Considering the physiological role of PPARγ in adipose tissue development and 

maintenance, it has been proposed that disruption of the regulatory pathways under the 

control of PPARγ may be involved in the onset of obesity and other metabolic syndromes 

(Delfosse et al. 2015). Poly- and mono-unsaturated fatty acids, eicosanoids, and lipophilic 

hormones are known to be PPAR natural ligands which induce the expression of genes and 

enzymes involved in lipid metabolism (Maradonna and Carnevali 2018). In addition to these 

natural ligands, PPARγ also binds to and is activated by molecules such as derivatives of 

bisphenol A (BPA), perfluorinated compounds (PFCs), and certain phthalates. Activation of 

this receptor by various xenobiotic compounds, as listed above, has been shown to stimulate 

adipogenesis in vitro and in vivo by inducing the differentiation of preadipocytes into mature 

adipocytes (Delfosse et al. 2015). This has led to the “obesogen hypothesis”, which suggests 

that the rapidly growing obesity epidemic may likely be attributed to increased exposure to 

chemicals that interfere with any aspects of energy metabolism (Grun and Blumberg 2007). 

Furthermore, while the direct effect of EDCs (e.g., PFCs and BPA) on white adipocytes 

have long been studied, the impacts of exogenous EDCs on modulating the function of 

other types of adipocytes that play critical roles in energy balance such as brown and beige 

adipocytes are an emerging area of focus.

1.3. Adipose Tissue Populations

While white adipose tissue (WAT) is best known for its role in fat storage, specific sub-

types of adipose tissue can also serve to suppress weight gain and promote a healthy 

metabolic state (Symonds et al. 2018). These additional populations are known as brown 

adipose tissue (BAT) and beige fat. BAT, which is embryologically derived from the Myf5 

progenitor cell population, has thermogenic properties that is primarily mediated through the 

expression of uncoupling protein 1 (UCP1) (Harms and Seale 2013). Uncoupling proteins 

have a wide variety of roles. UCP1, specifically, helps to regulate body temperature through 

non-shivering thermogenesis. To do this, UCP1 inserts itself into the inner mitochondrial 

membrane, permitting leakage of protons back into the mitochondrial matrix and allows for 

brown fat to produce heat at the expense of ATP production (Bertholet and Kirichok 2019). 

As a secondary effect of thermogenesis, UCP1 also controls fat metabolism and hence, 

energy balance.

BAT is activated rapidly at the time of birth in both humans and rodents to maintain 

core body temperature. However in humans the contribution of BAT for thermogenesis 

is thought to decrease with age (Harms and Seale 2013). In contrast, beige fat, also 

known as inducible “brown-like” or ‘brite’ adipocytes, is thought to differentiate postnatally 

from white adipocytes in response to environmental cues (e.g., cold temperatures) and 

endocrine metabolic regulators including thyroid hormone, adipokines and myokines, and 

even immune cells and cytokines. As such, adipocyte beiging plays a crucial adaptive 

role, allowing the body to maintain core body temperature and respond to changing 

energetic demands of the system. While the two distinct types of thermogenic adipose tissue 
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have different developmental origins, brown and beige adipocytes have important shared 

properties that include dense mitochondria and the expression of UCP1 (Lidell et al. 2014). 

The energy expenditure that comes as a result of thermogenesis in brown and beige cells 

serves to both prevent hypothermia and to metabolize excess lipid through the uncoupling of 

oxidative phosphorylation (Himms-Hagen 1990). Therefore, due to their ability to contribute 

to basal metabolic rate, both BAT and beige fat appear to have anti-obesity properties. In 

fact, the loss of BAT (“whitening”) and the reduced capacity to induce beiging are associated 

with aging, obesity, and overall poor metabolic responses (Harms and Seale 2013).

Because BAT assists in the thermoregulation, brown and beige adipocytes are highly 

responsive to the environment. The most widely studied pathway that upregulates 

mitochondrial biogenesis and uncoupling via PGC1α and UCP1 expression is through the 

activation of adrenergic receptors on adipocytes, which is primarily how cold exposure 

activates BAT for non-shivering thermogenesis (Harms and Seale 2013). Thyroid hormone is 

also a potent regulator of thermogenic adipose tissues, with its’ addition being crucial for the 

differentiation of brown adipocytes in vitro and in the development of the fetal BAT depot 

(Bianco and McAninch 2013). While some of the major pathways involved in the regulation 

of brown and beige fat are shown in Figure 1, the transcriptional regulation of peroxisome 

proliferator-activated receptor gamma coactivator-1 α (PGC1α) and UCP1 includes a varied 

set of hormone receptors such as the PPARs and thyroid receptor. Thus, as various EDCs 

interfere with thyroid or PPAR signaling, there is a strong likelihood that such compounds 

can also induce dysfunction in both brown and beige fat depots.

Our understanding of the possibility for environmental pollutants to disrupt energy 

metabolism and promote weight gain has grown significantly over time. With the recent 

advancements in the field of brown and beige fat, we are beginning to realize the unique 

interplay between the endocrine system, metabolism, and the environment. This review 

aims to delve into the aspects of common environmental chemicals and their impact on 

metabolism in brown and beige fat. In addition, this review introduces the potential use of 

phytochemicals, some of which are considered EDCs themselves, as therapeutic strategies to 

counteract the adverse effects of environmental pollutants in the thermogenic fat depots.

2.1. Bisphenols

As one of the most widely studied environmental obesogens, the impact of BPA on 

metabolic disease has received increasing attention. Its high volume use in the manufacture 

of polycarbonate plastics and epoxy resin contributes significantly to its ubiquitous presence 

in food storage containers such as water bottles and the protective internal lining of cans 

used for food and beverages (Le et al. 2008). Despite recent voluntary removal of BPA 

from many of these products, human exposure to BPA and it’s replacement compounds are 

widespread (Pelch et al. 2019).

The effects of bisphenols on adipogenesis have been well studied with exposure 

upregulating markers of adipocyte differentiation such as PPARγ and CCAT/enhancer-

binding protein (C/EBPα) in 3T3-L1s, uncommitted NIH3T3 cells, and in adipose-derived 

stem cells (Ariemma et al. 2016; Dong et al. 2018; Longo et al. 2020). Further, analogs of 
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BPA have shown similar effects across the various adipocyte model systems (Martinez et 

al. 2020; Reina-Perez et al. 2021). Hence, through stimulation of adipogenesis signaling, 

bisphenol exposure induces mature adipocyte differentiation and lipid accumulation. 

Perhaps unsurprisingly, the most convincing evidence of bisphenol’s obesogenic effects are 

following early-life exposure in vivo. Such studies suggest that BPA exposure may drive 

the commitment of stem cells to the preadipocyte program during development, laying the 

foundation for the expansion of white adipose tissue later in life (Alonso-Magdalena et al. 

2016).

In accordance with its obesogenic properties, bisphenols have also shown the potential to 

alter BAT activity (Heindel et al. 2017). While work in this area has only scratched the 

surface, BPA appears to preferentially accumulate in the BAT at levels far exceeding those 

found in the blood, brain, or WAT of female rats exposed to BPA between 1 – 5 mg/day 

via an osmotic minipump (Nunez et al. 2001). Interestingly, the accumulation of BPA in 

brown fat was accompanied by a reduction in body weight gain without a commensurate 

reduction in caloric intake, owing to the likelihood that BPA may transiently increase 

energy expenditure. Additionally, gestational exposure to BPA appears to not only alter 

WAT, but BAT as well. Female offspring from dams exposed to dietary BPA (< 3,000 

μg/kg body weight) had increases in both the weight of the interscapular BAT depot and in 

the expression of the thermogenic protein, Ucp1 (van Esterik et al. 2014). Male offspring, 

on the other hand, showed signs of reduced brown adipogenesis and BAT activity. The 

sexual dimorphism observed with BPA may be attributed to its agonistic effects on the 

estrogen receptor, which has shown to be indispensable for mitochondrial biogenesis and 

thermogenesis in BAT (Zhou et al. 2020). In fact, the potential for sex to mediate the effects 

of BPA in beige and brown fat has also been proposed by Taylor et al. (2018).

At least in the male sex, some of the negative effects of BPA on brown fat has been 

attributed to impaired thyroid signaling. BAT is a thyroid sensitive tissue, expressing 

relatively high levels of the type II deiodinase (DIO2) that leads to the T3-mediated 

upregulation of Ucp1 expression (de Jesus et al. 2001). Furthermore, thyroid hormone also 

appears to be critical for the “beiging” of WAT (Martinez-Sanchez et al. 2017), an effect that 

is both centrally and peripherally mediated. In ex vivo cultures of male BAT, exposure to 

BPA (< 5 mM) resulted in concentration-dependent reductions in DIO2 activity (da Silva et 

al. 2019). Importantly, however, these effects could not be reproduced in male rats exposed 

to BPA by gavage (40 mg/kg body weight). Hence, it is likely that additional factors may be 

responsible for BPA-induced BAT dysfunction beyond just localized alterations in estrogen 

or thyroid signaling. Furthermore, the potential for differing effects between the bisphenols 

is likely critical as bisphenol F (BPF) has shown some opposing effects of BPA in both in 

vitro and in vivo model systems (Drobna et al. 2019).

One potential modulator of BPA-induced WAT and BAT dysfunction is the distribution 

of the resident macrophage sub-populations (Keuper 2019). Macrophages comprise ~5% 

of the total cell population in WAT, with the fraction increasing to 50% during obesity 

(Weisberg et al. 2003). Specifically, activated macrophages secrete factors that contribute 

to the regulation of adipose tissue and consequently the regulation of energy metabolism. 

Classically activated macrophages, referred to as M1 macrophages, contribute to WAT 
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inflammation through the secretion of proinflammatory cytokines including interleukin-1β 
(IL-1β), interleukin-6 (IL-6), and tumor necrosis factor-α (TNFα) (Chawla et al. 2011). 

In contrast, alternatively activated macrophages (M2) secrete anti-inflammatory cytokines 

such as interleukin-4 (IL-4) and interleukin-10 (IL-10) (Nguyen et al. 2011). Importantly, 

M2 macrophages also secrete norepinephrine, which has been hypothesized to contribute 

to the beiging of white adipocytes (Y Lv et al. 2016; Miller et al. 2019). Unlike in WAT 

depots, the macrophage population in BAT is generally thought to be low (Fitzgibbons et al. 

2011). However, it has been frequently noted that macrophage infiltrations accompany the 

‘whitening’ of brown fat, suggesting the role of inflammation in mediating impairments in 

BAT function (Kotzbeck et al. 2018).

The well-studied immunomodulatory effects of BPA and its analogues gains a new 

perspective when one considers the importance of macrophage polarization in adipose 

tissue. Both BPA and its replacements appear to induce M1 polarization of macrophages, 

which can serve to maintain the white adipocyte population. Such findings have been 

reported using in vitro model systems (Chen et al. 2018; Hong et al. 2004; Y Liu 

et al. 2014; Lu et al. 2019; Zhao et al. 2019). BPA treatment (10 μM) in macrophage-

like Kupffer cells obtained from BPA-exposed mice induced a classically activated M1 

phenotype with elevated production of IL-6, TNFα, IL-1β. Interestingly, conditioned media 

from the BPA-exposed Kupffer cells increased lipogenesis and lipid droplet formation in 

HepG2 hepatocytes (Lv et al. 2017). Furthermore, elevated M1 macrophages have also 

been observed in the gonadal WAT from male mice from dams orally exposed to BPA 

throughout gestation and up to weaning (50 μg/kg body weight daily) (Malaise et al. 

2017). Interestingly, the BPF-induced elevation in M1 polarization was preventable through 

chemical inhibition of estrogen receptor-α (Shi et al. 2020). Hence, it is likely that the 

propensity of the bisphenols to induce M1 activation, thereby affecting adipocyte beiging, 

is likely attributed to estrogen-driven signaling. Nonetheless, further research is needed to 

better understand the role of bisphenol-induced inflammation in the whitening of brown and 

beige fat.

2.2. Dioxins

Another group of EDCs that have been shown to modulate metabolism are the persistent 

organic pollutants (POPs). Included in this class of environmental contaminants are dioxins, 

such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), polychlorinated dibenzo-p-dioxins 

(PCDDs) and polychlorinated dibensofurans (PCDFs), and dioxin-like compounds like the 

polychlorinated biphenyls (PCBs) (Regnier and Sargis 2014). They are introduced to our 

environment as by-products of manufacturing processes that include waste incineration, 

smelting, bleaching of paper pulp and burning of fossil fuels. Most exposure occurs through 

dietary consumption of meat, fish, shellfish, and dairy products, where concentrations 

accumulate up the food chain. As POPs primarily reside in the adipose tissue and are 

released slowly into the bloodstream, their half-lives can be upwards of a decade or more 

and lends to their potential to impact health throughout the lifespan (Milbrath et al. 2009).

Although many dioxins and dioxin-like compounds have been recognized, TCDD is often 

regarded as the most toxic of the class (Bruner-Tran et al. 2017). It has been long thought 
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that some of the overt effects of TCDD are mediated by its interaction with the aryl 

hydrocarbon receptor (Ahr), a ligand activated transcription factor that plays a major role 

in regulating xenobiotic metabolism, cellular proliferation/differentiation, and the immune 

response (Larigot et al. 2018). More recent evidence suggests that TCDD may also regulate 

energy metabolism. Exposure to TCDD is associated with the development of a “wasting 

syndrome,” likely akin to cachexia, which is a progressive loss of adipose tissue and 

reduction in body weight (Girer et al. 2021; Linden et al. 2014). Similar findings have 

also been noted in numerous species environmentally exposed to dioxins including birds and 

cattle (Debacker et al. 2003; Sani 2015). In contrast, others have demonstrated that chronic 

exposure of TCDD may be pro-obesogenic, especially within the diet-induced obesity rodent 

model (Brulport et al. 2017; Hoyeck et al. 2020).

Considering the evidence that high dioxin exposure may lead to a cachexia-like, wasting 

syndrome and that a hallmark of cachexia is rampant activation of brown and beige fat, it is 

not surprising that there are numerous reports which demonstrate that TCDD preferentially 

acts upon BAT (Sun et al. 2020). Notably, however, whether brown fat contributes 

to dioxin-induced cachexia has only been hypothesized and not rigorously investigated 

(Rozman 1984). Nonetheless, BAT has long been identified as a target tissue of TCDD 

(Rozman et al. 1986; Viluksela et al. 1995). Following a single intraperitoneal exposure to 

TCDD (15 μg/kg body weight), brown adipocytes increased in size and contained fewer, 

but larger lipid droplets (Rozman et al. 1987). These morphological changes were also 

accompanied by mitochondrial swelling observable up to 14 days following exposure. 

Cumulatively, these alterations in cell structure, including mitochondrial biogenesis and the 

presence of multilocular lipid droplets, are indicative of activated BAT. In addition to rapid 

changes in BAT lipids, glucose uptake in the tissue occurs swiftly following intravenous 

injection of [14C] glucose in TCDD exposed rats (125 μg/kg body weight), again a similar 

phenomenon during cold-induced brown fat activation (Nedergaard et al. 2007; Weber et al. 

1987a). Despite the likelihood that TCDD alters BAT activity, reports have not found that 

exposure is associated with subsequent increases in body temperature (Weber et al. 1987b). 

Specifically, in rats housed well below thermoneutrality (4°C vs. 25°C), TCDD-induced 

wasting (60 μg/kg body weight, i.p.) occurs at a faster clip, alongside a failure to increase 

core body temperature (Rozman and Greim 1986). Further, a single oral exposure to TCDD 

on gestation day (GD) 15 (1.0 μg/kg body weight) was associated with reduced body 

temperature in the offspring (Gordon et al. 1995).

Despite this work, the understanding of the relationship between BAT and TCDD is 

incomplete. From what is currently known, TCDD-induced activation of brown fat is likely 

a complex interaction between both direct and indirect signaling factors. TCDD is a potent 

disruptor of thyroid signaling. In TCDD-exposed rats (125 μg/kg body weight, i.p.), plasma 

levels of both triiodothyronine (T3) and thyroxine (T4) were reduced as well as lipogenesis 

in BAT (Gorski et al. 1988). Thyroidectomy inhibited these outcomes, suggesting that 

TCDD effects in brown fat is partially mediated through peripheral signaling. In BAT, 

however, oral TCDD exposure (10 – 40 mg/kg body weight) in rats was associated with 

dose-dependent increases in DIO2 (Raasmaja et al. 1996). Similar results were also found 

in TCDD-exposed rats (60 mg/kg body weight, oral gavage), alongside reductions in 
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circulating T4 (Viluksela et al. 2004). Together, this suggests that the effects of dioxins 

on BAT may be mediated through the modification of thyroid signaling.

Finally, it is important to note the effects of TCDD on white adipocytes. In the 3T3-L1 white 

adipocyte line, exposure to TCDD (10 nM) during the early induction stage suppressed 

formation of the large, unilocular lipid droplet reminiscent of mature white adipocytes 

(Phillips et al. 1995). Accordingly, the impairment of terminal differentiation in adipocytes 

exposed to TCDD (30 nM) was associated with reduced expression of adipogenic markers 

including CCAAT/enhancer-binding protein-α (Cebpα), Pparγ, and glucose transporter type 

4 (Glut4) (Hsu et al. 2010). Similar effects have also been reported in primary preadipocytes 

obtained from rats orally exposed to TCDD (175 μg/kg body weight) or in exposed 

mesenchymal stem cells, with impaired adipogenesis and maturation mirroring closely what 

is observed in 3T3-L1 cell line (Brodie et al. 1997; Li et al. 2008). Interestingly, such 

effects are seemingly lost if mature adipocytes are exposed to TCDD, suggesting that the 

chemical may regulate an early step in the differentiation pathway of white adipocytes. 

The 3T3-L1 adipocyte line is capable of differentiation into a beige phenotype (Miller et 

al. 2015b). Hence, the above findings suggest the likelihood that TCDD may induce beige 

differentiation from the white preadipocyte. However, to the best of our knowledge, the 

effects of TCDD on mitochondrial biogenesis and UCP1 expression in 3T3-L1s has yet to be 

investigated.

2.3. Air Pollutants

2.3.1. Particulate Matter—Air pollution is a complex mixture of particulate matter 

(PM) and gases, derived from both natural and anthropogenic sources. PM refers to a broad 

class of microscopic particles that vary by size and chemical composition. Particles originate 

from a variety of sources, including wildfire smoke, industrial emissions and motor exhaust. 

Over the last century, rapid industrialization and urbanization have greatly contributed to the 

global burden of diseases attributable to air pollution (Babatola 2018). Among the criteria 

air pollutants regulated by the National Ambient Air Quality Standards, PM2.5 (aerodynamic 

diameter ≤ 2.5 μm) has long been recognized as a significant contributor to cardiopulmonary 

disease and mortality (Kurt et al. 2016). Exposure to air pollutants, however, is now being 

implicated in the development of metabolic disorders (Kim et al. 2019).

Epidemiological evidence has linked exposure to air pollution to the development of 

metabolic syndrome, which is a cluster of risk factors characterized by abdominal obesity, 

insulin resistance, hypertension, and dyslipidemia (Alderete et al. 2017; Auchincloss et al. 

2008; Wallwork et al. 2017). The biological mechanism underlying this association remains 

unclear. However, it has been hypothesized that the pulmonary immune response to inhaled 

particles triggers systemic inflammation and oxidative stress pathways that can perturb 

downstream metabolic processes (Haberzettl et al. 2016; Pope et al. 2004; Riggs et al. 2020).

As discussed previously, adipose tissue macrophages are recognized as an important link 

between cellular responses to injury and metabolic dysregulation. Numerous studies in vivo 
have shown that inhalation of PM2.5 induces macrophage infiltration in WAT (Mendez et al. 

2013; Sun et al. 2009; Zhong et al. 2016). Once more, macrophages undergo polarization 

to produce distinct functional phenotypes. M2 macrophages are generally associated with 
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an anti-inflammatory profile and release catecholamines, whereas M1 macrophages are 

associated with a pro-inflammatory profile (Nguyen et al. 2011). In diet-induced obese mice, 

exposure to PM2.5 (72.7 μg/m3 average concentration) shifted the macrophage population 

in visceral white adipose tissue from an M2 phenotype to an M1 phenotype (Sun et al. 

2009). In similar studies, PM2.5-exposed mice (70 – 97 μg/m3 average concentration) 

showed reduced mitochondrial density, disrupted mitochondrial biogenesis, and reduced 

UCP1 expression in WAT (X Xu et al. 2011; Xu et al. 2012; Z Xu et al. 2011). Considering 

that M2 macrophages function as a local source of norepinephrine, which can stimulate 

UCP1 expression in thermogenic adipose tissue, exposure to PM appears to result in a less 

favorable environment to support beiging in WAT depots.

Unlike in WAT, brown fat is more resistant to macrophage infiltration (Fitzgibbons et 

al. 2011). Nonetheless, C Liu et al. (2014a) demonstrated that exposure to PM2.5 (102.9 

μg/m3 average) resulted in elevated levels of pro-inflammatory cytokines in BAT using 

a genetically susceptible mouse model of type II diabetes mellitus. Prolonged adipose 

tissue inflammation affects other metabolically active organs, contributing to ectopic lipid 

storage, insulin resistance and can exacerbate systemic inflammation. Both in vitro and 

in vivo evidence have shown that inflammation impairs thermogenesis by inhibiting BAT 

development and suppressing the induction of UCP1 (Porras et al. 1997; Sakamoto et al. 

2016). Consistent with inflammatory-induced mitochondrial dysfunction, PM2.5 exposure 

alters thermogenic gene profiles in BAT. In apolipoprotein E knockout mice, subchronic 

exposure to PM2.5 (2 months, 96.9 μg/m3 average concentration) downregulated the 

expression of Ucp1, Dio2, and PPARG coactivator 1-α (Ppargc1α) (Z Xu et al. 2011). 

Similar decreases in the BAT thermogenic gene program and increases in oxidative stress 

were also reported with long-term, chronic inhalation to PM2.5 in mice (10 months, 94.4 

μg/m3 average concentration) (X Xu et al. 2011). It is hypothesized that during exposure to 

obesogenic stimuli, the brown to white conversion of adipose tissue may be a physiological 

adaptation to store excess lipids (Cinti 2018). Notably, in apolipoprotein E knockout mice, 

the expression of WAT-specific genes were upregulated, suggesting that BAT can shift 

towards a WAT phenotype following PM2.5 exposure (96.9 μg/m3 average) (Z Xu et al. 

2011).

Due to their unique physical characteristics, silicon dioxide (SiO2) nanoparticles 

(aerodynamic diameter ≤ 0.1 μm) have been extensively used in a variety of applications, 

including pharmaceutical drug delivery, cosmetics and electrical insulation (Mebert et al. 

2017). Due to their relative size, SiO2 and other nanoparticles can translocate from the 

respiratory interstitium to other tissues. Accordingly, SiO2 nanoparticles have been detected 

in brown adipocytes of rats following exposure (Zhang et al. 2017). Further, in thermal 

stress-exposed rats (4°C), pulmonary exposure to SiO2 (3 mg/mL; instillation) prevented 

cold-induced upregulations in BAT thermogenesis (Lin et al. 2016). This was accompanied 

by both whitening of the interscapular brown fat depot and prevention of beiging in the 

epididymal white fat depot. As such, inflammatory signaling has been implicated as a driver 

of these outcomes (Zhang et al. 2017).

Deficits in brown and beige fat function may be associated with hypothalamic inflammation 

(Arruda et al. 2011). In fact, exposure to PM2.5 (107 μg/m3 average concentration) was 
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shown to elevate hypothalamic Tnfα and Il-6 expression in rodents (Ying et al. 2014). 

Further, genetic ablation of the TLR4 receptor in the hypothalamus protected mice from 

the obesogenic effects of prolonged PM2.5 exposure (600 μg/m3 average) (Campolim et al. 

2020; C Liu et al. 2014b; Qiu et al. 2018). Taken together, these findings support that air 

pollution may promote metabolic and brown/beige adipose tissue dysfunction through both 

indirect hypothalamic-mediated inflammation or direct effects on the adipocyte.

2.3.2. Heavy Metals—Beyond particle size, the health effects of PM can be further 

mediated by the unique make up of chemicals that are bound to a particle. Heavy metals 

are naturally abundant elements, with varied uses in the agricultural, biomedical, and 

technological fields that have led to their widespread distribution in the environment. Some 

heavy metals can serve important biological functions, although many are considered to be 

potent toxicants and carcinogens (Tchounwou et al. 2012). In addition to the consumption of 

contaminated foods and water, exposure to heavy metals can also occur through inhalation. 

Several heavy metals have been implicated in the health effects of PM, including cadmium 

(Cd), nickel (Ni) and zinc (Zn) (Gavett et al. 2003; Srimuruganandam and Shiva Nagendra 

2012). Both Cd and Ni are toxic heavy metals produced during the manufacturing of 

alloys, batteries and tobacco products (Pappas 2011; Tchounwou et al. 2012). Conversely, 

Zn is an essential heavy metal primarily emitted through the metal mining, fossil fuel and 

electroplating industries (Wuana and Okieimen 2011).

Heavy metals are hypothesized to contribute to the etiology of PM-induced obesity and 

its sequelae (Wang et al. 2018). Many of the toxic effects of heavy metals can be 

attributed to their long half-lives and tendency to accumulate in multiple tissues (Li et al. 

2015). Recent evidence suggests that adipose tissue is an important target for heavy metal 

toxicity, although their effects on fat have not been extensively studied (Egger et al. 2019; 

Freire et al. 2020). Nonetheless, exposure to metals (e.g., mercury or lead) may increase 

lipid accumulation in 3T3-L1 adipocytes through C/EBPβ induction and corroborates 

epidemiological associations between exposure and obesity (Tinkov et al. 2021). As part 

of the obesogenic properties of air pollution may be attributed to heavy metals, it is likely 

that such compounds have direct actions on brown and beige fat.

Heavy metals, such as Cd, have the potential to disrupt metabolism through direct 

toxicity or displacing essential micronutrients (Iavicoli et al. 2009). Accordingly, CdCl2 

(> 3 mM) can inhibit mitochondrial glycerol-3-phophate dehydrogenase (GPDH) activity 

in BAT-derived mitochondria, an enzyme important in redSucing dihydroflavine-adenine 

dinucleotide (FADH2) during oxidative phosphorylation (Rauchová et al. 1985). Such effects 

on GPDH function were also observed in the murine white adipocyte 3T3-L1 line treated 

with 3 μM CdCl2 (Lee et al. 2012). Cd is also suspected to interfere with thyroid signaling; 

in vitro CdCl2 exposure (5 – 10 mM) inhibits the conversion of T4 to active T3 (Paier et 

al. 1997). Such effects have been attributed to the strong affinity of Cd for the sulfhydryl 

groups of DIO2 (Vallee and Ulmer 1972). The thyroid receptor is a transcriptional regulator 

of several mitochondrial biogenesis genes and its appropriate signaling is indispensable 

for both brown and beige thermogenesis (Yau and Yen 2020). Unsurprisingly, the known 

interaction between Cd and thyroid signaling has led some to use BAT as a model tissue 

system for Cd-induced toxicity (Paier et al. 1997). Due to impaired thyroid signaling, cold 
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stress in rats that have been exposed to CdCl2 (200 μg/100 g body weight, i.p.) showed a 

reduced capacity to upregulate thermogenesis in brown fat (Noli et al. 1998). These effects 

were recapitulated in excised BAT exposed to CdCl2 ex vivo (2.5 – 5 mM). Considering the 

more recent findings that Cd storage in adipose tissue may have been underestimated in the 

past (Tinkov et al. 2017), a better understanding as to how its exposure may interfere with 

the specific classes of adipocytes is increasingly relevant.

Zn is another metal that has been shown to inhibit T4 deiodination, lending itself as another 

potential heavy metal that may perturb brown and beige adipose tissue. In primary rat brown 

adipocytes, exposure to Zn (1 or 5 mM as ZnSO4) impaired T3 production regardless of the 

thermal conditions in the exposed animal (Pavia et al. 1999). As expected, ZnSO4 exposure 

(10 mg/kg, subcutaneous) in cold-stressed rats resulted in reduced serum T3 levels and 

BAT weight, alongside decreased oxygen consumption and reduced guanosine diphosphate 

(GDP) binding in isolated BAT mitochondria from healthy rats (Rebagliati et al. 2001). 

Notably, exogenous T3 supplementation only partially reversed these outcomes, suggesting 

that the entirety of effects of Zn exposure on BAT may not fully be explained by impaired 

thyroid signaling. Zn-induced impairments in GDP binding (< 200 μM of ZnSO4), a marker 

of thermogenic potential, was found in brown adipocytes derived from mice with genetic 

obesity (ob/ob), an effect not seen in lean mice (Chen et al. 1997). On the other hand, it 

has also been reported that ZnSO4 (1 – 10 mg/kg body weight) may upregulate UCP1 in 

BAT of cold exposed rats (Beattie et al. 2000; Luo et al. 2004). As dietary Zn deficiency 

has also shown adverse effects on BAT through the downregulation of thyroid signaling, 

adverse effects of toxic exposures to Zn are likely dependent on other factors including 

dietary sources, the presence and status of other metals that share transporters, and body 

condition (Lukaski et al. 1992).

Considering that PM may contain various heavy metals, discriminating the individual health 

effects of exposure to the metal from its exposure as a component of particulate matter is 

critical. In mice, exposure to either concentrated ambient particles ( 69.6 μg/m3 PM2.5) or 

NiSO4 (0.44 μg/m3) produced independent adverse metabolic deficits, which in some cases 

resulted in additive impacts when exposures were combined (Xu et al. 2012). Nonetheless, 

like what is seen in models of PM exposure, NiSO4 inhalation induced mitochondrial 

dysfunction, impaired expression of the BAT gene program, and macrophage infiltration of 

the adipose tissue depots in the study by Xu et al. (2012). Furthermore, these effects were 

implicated to be related to reduced 5’ AMP-activated protein kinase (AMPK) signaling, 

which is key regulator of cellular metabolism and mitochondrial biogenesis. Taken together, 

these findings suggest that the elemental composition of PM plays an important role in 

driving the metabolic and thermogenic responses to exposure. The mechanisms of action 

likely occur through multiple, intersecting signaling pathways and targets. Importantly, 

metals preferentially accumulate in different tissues (Li et al. 2015). How the composition of 

metals in PM alters BAT and WAT has not been comprehensively described.

2.4. Phthalates

An additional chemical class known to impact BAT function is phthalate esters. As a 

plasticizer, phthalates are added to plastic packaging to increase their flexibility and 
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strength. They are also a critical ingredient in fragrances, acting as a solvent for the aromatic 

scents that can improve their strength and longevity. Accordingly, exposure to phthalates 

occurs through varied sources such as food packaging, vinyl flooring, medical tubing, and 

personal care products (e.g., shampoo, perfumes, lotions, and soap). While both dietary 

consumption and skin absorption are the primary routes of phthalate exposure, phthalates 

are also introduced to the body via inhalation of dust particles (Calafat and McKee 2006). 

Considering the breadth of potential sources of phthalates, and their overall short half-lives 

(~5 – 24 hours), levels of the metabolites are widely found throughout the population 

(Wittassek and Angerer 2008).

Having first been introduced to the market in the 1930s, the potential for health effects 

of phthalates has long been of concern. As an EDC, some phthalates have shown to 

have numerous modulating effects on numerous receptors and transcription factors such as 

estrogen receptor, androgen receptor, and on the PPARs (Desvergne et al. 2009; Engel et al. 

2017). Perhaps unsurprising, some of the most noted relationships related to high phthalate 

exposure is on reproductive and developmental toxicity. Phthalate esters and some of their 

active metabolites have also demonstrated the potential to impair immune cell functionality 

(Li et al. 2013; Wang and Dong 2012) and increase the production of reactive oxygen 

species (Sedha et al. 2015). Hence, their potential effects are thought to be systemic.

Considering phthalates regulate PPAR signaling, phthalate exposure has been implicated 

in the pathogenesis of obesity and other metabolic disorders (Grun and Blumberg 

2007). In vitro exposures to monoethyl-hexyl-phthalate (MEHP; 100 μM), benzyl butyl 

phthalate (BBP; 100 μM), or dicyclohexyl phthalate (DCHP; 1 μM) have shown the 

potential to increase lipid accumulation and lipogenic gene expression in both the 3T3-

L1 adipocyte cell line and in primary human adipocytes (Ellero-Simatos et al. 2011; 

Feige et al. 2007; Sargis et al. 2010; Yin et al. 2016). Exposure to either 20 μM 

MEHP or mono-(2-ethylhexyl) tetrabromophthalate (METBP) shifted the differentiation 

of bone marrow-derived mesenchymal stromal cells towards the adipocyte lineage and 

away from osteoblasts (Watt and Schlezinger 2015). Furthermore, gestational exposure to 

di(2-ethylhexyl) phthalate (DEHP; 300 mg/kg body weight, oral gavage) was associated 

with increases in adipose tissue size and inflammation in the adult male offspring (Campioli 

et al. 2014; Hao et al. 2013; Strakovsky et al. 2015). This work demonstrates the potential 

for phthalate esters to induce a pro-obesogenic phenotype. However, in some models, dietary 

DEHP (2% w/w) has been associated with reduced WAT size in healthy, adult rodents 

(Martinelli et al. 2010; Xie et al. 2002). This suggests that the type of ester, route, and 

developmental window of exposure are likely important in determining the obesogenic 

potential of phthalates.

In addition to promoting WAT dysfunction, evidence also points to the potential of 

phthalates to regulate the activity of thermogenic adipose tissues. As an activator of PPARα, 

which regulates the expression of enzymes involved in lipolysis and β-oxidation, DEHP 

exposure in vivo has been associated with increased acetate production and short-chain 

acyl-CoA metabolism (Engberg et al. 1997; Yamashita et al. 2006). This suggests the 

likelihood that DEHP exposure induces a systemic shift to aerobic metabolism. In fact, 

literature dating back into the 1980s identified phthalates as a potent mitochondrial toxicant 
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capable of uncoupling the respiratory chain and increasing mitochondrial density in the 

rat liver (Ganning et al. 1983; Inouye et al. 1978; Melnick and Schiller 1985). Utilizing 

radiolabeled DEHP, BAT was found to be one of the tissues with the highest DEHP uptake at 

4 hours after injection in mice (Lindgren et al. 1982). Further, BAT was the only tissue with 

persistently high levels of radioactivity at 24 hours post-injection, outside of the bladder, gall 

bladder, and intestinal contents.

Despite evidence indicating that BAT is a major target organ of DEHP, few studies 

have considered the effects of phthalates on BAT morphometry or function. Following 

developmental exposure to DEHP (30 mg/kg body weight pre-pregnancy through lactation, 

oral gavage), offspring had hyperplastic brown fat, with both increases in scapular brown 

depot size and adipocyte number (Lee et al. 2016). However, in male mice exposed to DEHP 

for 5 weeks (0.5 mg/kg body weight, oral gavage), expression of UCP1 in BAT was reduced, 

which was accompanied by hypothermia, increased food intake, and an increase in body 

weight (Z Lv et al. 2016). Thus, as previously noted, the effects of phthalates on BAT may 

also be highly dependent on numerous factors including life stage and sex.

In a recent study by Hsu et al. (2020), treatment of MEHP during differentiation in 3T3-L1s 

induced beiging when adipocytes reached maturity. Specifically, MEHP treated cells had a 

higher energy demand, showing increases in both basal respiration and glycolytic capacity 

compared to vehicle-treated adipocytes (≥ 100 μM), an increased transcriptional phenotype 

resembling beige adipocytes (≥ 30 μM), and an increased number of small lipid droplets per 

cell (≥ 30 μM). Similar elevations in thermogenic gene expression in visceral WAT were 

found in mice exposed to DEHP for 25 weeks (1.0 mg/kg body weight, oral gavage), in 

addition to a noted elevation in BAT weight (Hsu et al. 2020). Intriguingly, certain phthalates 

including DEHP may induce macrophage M2 polarization (Hansen et al. 2015; Kim et al. 

2014; Lee et al. 2018), which would promote an environment conducive to beiging and 

may provide some explanation behind the in vivo observations in the report by Hsu et 

al. (2020). While there appears to be differential effects of the unique phthalate esters on 

adipose tissue, growing evidence suggests that phthalates target and modulate the activity of 

brown and beige fat. In some instances, exposure to specific phthalate esters may promote 

thermogenesis and increase in metabolic rate, however, the circumstances that drives this 

response renders further study.

2.5. Phytochemicals

Phytochemicals constitute a large class of non-nutritive compounds produced by plants often 

to protect against stress from temperature, sunlight, and infectious agents (Ramakrishna 

and Ravishankar 2011). In addition to protecting the host, many of these compounds have 

bioactive properties in mammals if consumed. Of note, phytochemicals offer potential as 

a weight loss strategy due to its known anti-obesity properties. For instance, polyphenols 

have been reported to increase lipolysis and induce fatty acid oxidation via modulation of 

hormone sensitive lipase, acetyl-coA carboxylase, carnitine acyl transferase, and PGC1α 
(Rupasinghe et al. 2016). Most of these phytochemicals, in addition to their weight loss 

properties, can also have added health benefits including anti-inflammatory and antioxidant 

functions (Zhang et al. 2015). These added benefits may further the anti-obesity effects seen 
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with phytochemicals, as the decrease in inflammation would subsequently cause a further 

reduction in the risk of metabolic disease development.

Outside of notable therapeutic examples (e.g., salicylic acid and paclitaxel), much of the 

current interest and attention in phytochemicals are as preventatives. The specific structure 

of individual phytochemicals predicates the mechanism of their bioactivity. Polyphenols, as 

an example, are made up of a group of phytochemicals constituted of multiple phenolic units 

(Meulenberg 2009). Accordingly, polyphenols are most widely known and commercially 

marketed as antioxidants. However, some also share structural similarities with steroid 

hormones, resulting in their capacity to modulate hormone signaling and their classification 

as endocrine-disrupting compounds (Meulenberg 2009).

Numerous polyphenols have been identified and studied as modulators of brown and beige 

adipose tissue, which is partially attributed to their ability to bind to a wide array of steroid 

receptors. While an in-depth review of the evidence is beyond the breadth of the current 

discussion, readers are directed to topical reviews by Mele et al. (2017) and Azhar et al. 

(2016). In brief, polyphenols appear to regulate numerous pathways involved in the function 

of thermogenic adipose tissue (Figure 2). Resveratrol, both an estrogen receptor agonist 

and antagonist, has been shown to decrease adipogenesis and viability in maturing 3T3-L1 

white preadipocytes (Rayalam et al. 2008). Additionally, resveratrol treatment in mature 

adipocytes resulted in reduced lipogenesis and increased lipolysis, which was associated 

with alterations in mitochondrial function. The mechanism behind such effects were later 

ascribed to increased intracellular cAMP which resulted in the downstream induction of 

sirtuin 1 (SIRT1) and PGC1α mediated mitochondrial biogenesis (Li et al. 2020). Through 

a similar pathway, many of the flavanols, which include compounds from tea and cocoa, 

upregulate PGC1α-mediated mitochondrial biogenesis via AMPK activity (Mele et al. 

2017). On the other hand, capsinoids, menthol, and curcumin are sympathetic nervous 

system stimulants that increase UCP1 expression through the transient receptor potential 

channels and eventual beta-adrenergic receptor activation (Saito et al. 2020). Furthermore, 

some polyphenols such as guggulsterone, allspice, and clove are suspected to activate 

the G-protein-coupled bile acid receptor, which increases UCP1 expression through the 

upregulation of deiodinases and thyroid signaling (Azhar et al. 2016; Ladurner et al. 2017; 

Thomas et al. 2008). While the direct effect of phytochemicals on adipocytes appears to 

be varied, they are also hypothesized to promote macrophage M2 polarization, increasing 

norepinephrine production and inducing beiging in WAT (Miller et al. 2019; Nishikawa et al. 

2019).

Numerous phytochemicals have shown an improved efficacy when they are dosed in 

combination compared to when they are dosed independently. Such synergistic and anti-

obesogenic effects have been observed both in 3T3-L1 adipocytes (Baile et al. 2011; Park 

et al. 2008) and in vivo (Miller et al. 2015a; Nishikawa et al. 2019). Similar additive effects 

have also been observed with EDCs, with noteworthy examples including the reported 

relationship with phthalate mixtures and alterations in male reproductive tract development 

(Howdeshell et al. 2017). Importantly, the pathways that phytochemicals interact with 

often coincide with those perturbed by environmental pollutants. Hence, this implies that 

interactions between the synthetic and natural endocrine disruptors are likely to exist.
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3.1. Brown and Beige Fat as a Therapeutic Target Organ

Historically, humans were thought to lose function of thermoregulatory adipose tissue early 

after infancy. Rodents, however, remain dependent on brown and beige adipose tissues 

throughout their lifespan to maintain body temperature. Attributable to several seminal 

publications in the 2000s [see Nedergaard et al. (2007) and Kiefer (2017)], the interest 

in human brown fat re-emerged following observations of glucose uptake in known BAT 

regions in FDG-PET/CT imaging. Accordingly, this has led to a refocus of the value of 

human thermogenic tissues. The discovery of beige adipose tissue has only heightened this 

interest, leading to a shift in the publications investigating the role that beige and brown fat 

may have in humans (Figure 3).

Importantly, the amount of brown and beige fat is reduced in obesity (Symonds et al. 

2018). Hence, the challenge presented is to determine how to either prevent its loss or 

to reactivate it. Nonetheless, significant methodological hurdles exist in assessing human 

brown and beige fat activity. Testing is often performed by measuring radiolabeled glucose 

in the fasting state and is dependent on cold exposure (Wu et al. 2013). This measurement 

modality frequently gives results that vary between repeated scanning, making accurate 

functionality measurements difficult to obtain (Wu et al. 2013). Because of this, human 

studies involving imaging of BAT often rely on the use of medications such as beta agonists 

for functional analysis, some of which have known cardiovascular contraindications.

In humans, β3-adrenergic receptor (ADRβ3) mRNA has been found in multiple tissues, such 

as BAT and WAT, bladder, gallbladder, brain, and in the gastrointestinal tract (Mund and 

Frishman 2013). Agonists of ADRβ3 increase lipolysis, fat oxidation, energy expenditure, 

and improve insulin sensitivity (de Souza and Burkey 2001). These effects have led many 

to believe that targeting this receptor might serve as an effective treatment of diabetes 

and obesity. While there remains continued promise of therapeutic use of β3-adrenergic 

agonists for obesity, significant limitations persist. Although ADRβ3 is considered the main 

receptor to stimulate BAT, it is unclear as to whether it is the only adrenergic receptor 

involved in BAT activation in rodents. For example, ADRβ3 knockout mice can maintain 

cold-induced BAT function (de Jong et al. 2017). This has been hypothesized to be due 

to non-sympathetic mechanisms and/or compensatory β1-adrenergic receptor signaling, 

creating possible interest in the manipulation of the β1- receptor to stimulate BAT. While 

this receptor may play an important role in BAT activation, administration of β1-agonists for 

the purpose of treating obesity in humans would create several systemic side effects, most 

notably in the cardiovascular system (Mund and Frishman 2013).

With the tangible utilization of beta-adrenergic agonists still debated, it would be remiss 

not to mention the recently approved anti-obesity medications. In addition to their most 

widely recognized mechanism of action, many of the pharmaceutical options appear to 

have modulatory capacity in brown adipocytes. For example, the glucagon like peptide 1 

(GLP-1) receptor agonist, Liraglutide (Saxenda®), was shown to induce brown adipocyte 

differentiation in the skeletal muscle of diet induced diabetic mice (Zhou et al. 2019). 

These findings were associated with the increased expression of UCP1 and PR domain 

containing 16 (PRDM16), attributed to activation of SIRT1 signaling. Qsymia® is a potent 
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appetite suppressor composed of two medications, phentermine and topiramate, that both 

have unique CNS effects. The impacts of these two compounds either in separate or in 

combination on brown/beige fat has not been extensively investigated. Nonetheless, limited 

findings suggest that topiramate may induce an upregulation of uncoupling proteins 2 and 

3 in muscle and white and brown fat in high fat diet-fed rats (York et al. 2000). Adjunctive 

treatment of Contrave® (naltrexone and bupropion) in gastric banded rats resulted in 

synergistic improvements in both energy expenditure and BAT activity (Stefanidis et al. 

2017). Attributable to their various impacts on the CNS, however, many of the appetite 

suppressant drugs have extensive side effects. Of note, phentermine is contraindicated in 

patients where sympathomimetic drugs may pose a significant risk, including those with 

unstable cardiovascular disease, high blood pressure, hyperthyroidism, and unstable cardiac 

dysthymias (Bays et al. 2007). Topiramate can result in various vision and eye conditions 

(Cereza et al. 2005).

Due to the side effect profile associated with many anti-obesity medications, they are 

often removed from the market. With comparatively less severe potential for adversity, the 

interest in natural compounds as anti-obesity therapies has surged. Phytochemicals do not 

work through direct adrenergic signaling, thus creating a pharmacologic advantage that may 

circumvent many of the systemic side effects associated with beta agonists. As reviewed 

in the previous section, specific phytochemicals are hypothesized to counteract the loss 

of BAT function seen in obesity by increasing brown fat activation and white adipocyte 

beiging (Azhar et al. 2016; Mele et al. 2017). While phytochemicals have demonstrated 

positive, but mixed, efficaciousness for aspects of metabolic syndrome (e.g. hyperlipidemia, 

hypertension, hyperinsulinemia), clinical trials on the efficacy of phytochemicals on brown 

or beige adipose tissue are lacking (Jenkins et al. 2008; Minich et al. 2010).

Lastly, it is important to note that such phytochemicals are in of themselves EDCs 

(Marcoccia et al. 2017). One example is the soy phytochemical, genistein, which is a well 

characterized estrogen receptor agonist. The developmental effects of genistein, primarily 

through soy infant formulas, have long been of concern (Rozman et al. 2006). Nonetheless, 

it is likely that some of the thermogenic effects of many of the phytochemicals may be 

attributed to their EDC properties. This raises the question as to whether specific classes of 

EDCs may have the potential to be exploited for their anti-obesity properties. In addition 

to phytochemicals, one noteworthy example of a synthetic EDC used for weight loss is 

2,4-dintrophenol (2,4-DNP). As an EDC used in the manufacturing of dyes, pesticides, and 

explosives, 2,4-DNP exposure at high levels induces an hyper-metabolic state accompanied 

with fever, respiratory failure, and death within a few hours (Siegmueller and Narasimhaiah 

2010). While the use of 2,4-DNP as a weight loss drug was banned by the Food and Drug 

Administration in 1938, it is still illicitly used today (Potts et al. 2020). While the use 

of EDCs to activate brown and beige fat is likely controversial, both the evidence seen 

with phytoestrogens and historical use of 2,4-DNP for weight loss provides reasonable 

precedence for continued study.
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4.1. Conclusions

With the evidence of the existence of brown and beige fat in the adult human population, 

the role of these important depots in contributing to and protecting from metabolic disease 

has dramatically increased over the past decade (Kiefer 2017). A variety of both synthetic 

and natural EDCs have shown the potential to induce adipose tissue dysfunction not only 

in white adipocytes but in brown and beige fat as well (Azhar et al. 2016; Di Gregorio et 

al. 2018). Interest in this line of research has only recently started to grow, however, the 

overall number of publications on the topic of environmental pollutants and brown and beige 

adipose tissue remain scant (Figure 4). Herein, we highlight the likely critical importance 

these unique fat depots play in modulating the risk and pathogenesis of various metabolic 

diseases including obesity and cachexia. Considering the public health implications of such 

conditions, continued efforts should be placed on determining the impacts of EDCs on 

brown and beige adipogenesis and function.

Finally, we note the effects of EDCs on thermogenic adipocytes likely exist on a spectrum 

encompassing both agonistic and antagonistic effects and may be driven by phase I/II 

metabolism, concentration, and even by life stage or sex. While the chemicals reviewed 

herein were selected due to the number of reference publications, there is a strong likelihood 

that many different environmental contaminants have functional effects in brown and beige 

fat. Furthermore, there is emerging evidence that combinations of EDCs may interact with 

each other in either additive or inhibitory ways, as others’ have reported in adipocytes 

(Baile et al. 2011; Choi et al. 2019). Such interactions may provide a unique opportunity to 

counteract some of the potential adverse effects of certain EDCs on white, brown, and beige 

fat, necessitating further exploration.
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Figure 1: 
Major signaling pathways involved in the regulation of brown and beige adipose tissue 

activity. Abbreviations: β-Adrenergic Receptor (β-AR), CCAAT-enhancer-binding proteins 

(C/EBP), cyclic adenosine monophosphate (cAMP), cAMP-response element binding 

protein (CREB), Type II iodothyronine deiodinase (DIO2), peroxisome proliferator-activated 

receptor gamma coactivator 1-α (PGC1α), peroxisome proliferator-activated receptor 

(PPAR), triiodothyronine (T3), thyroxine (T4), G-protein-coupled bile acid receptor (TGR5), 

thyroid receptor (TR).
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Figure 2: 
Summary of potential points where synthetic and natural EDCs may alter brown and beige 

adipogenesis.
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Figure 3: 
Word cloud of keywords derived from manuscripts that investigated the effects of 

bisphenols, dioxins, air pollutants, or phthalates on brown or beige adipose tissues. Studies 

were collated from Web of Science, split by year, and keywords were pulled to generate 

word clouds.
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Figure 4: 
Number of publications by year that study the effects of bisphenols, dioxins, air pollutants, 

or phthalates on brown or beige adipose tissues. Databases searched included PubMed, Web 

of Science, and ProQuest. Following de-duplication, a total of 126 citations were found. Of 

note, phytochemicals were not included in this list due to the vast array of chemicals within 

this class and large number of publications in this area.
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