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Brown/beige adipose tissue has attracted much attention in previous studies

because it can improve metabolism and combat obesity through non-shivering

thermogenesis. However, recent studies have also indicated that especially in

critical illness, overactivated brown adipose tissue or extensive browning of white

adipose tissue may bring damage to individuals mainly by exacerbating

hypermetabolism. In this review, the phenomenon of fat browning in critical

illness will be discussed, along with the potential harm, possible regulatory

mechanism and corresponding clinical treatment options of the induction of

fat browning. The current research on fat browning in critical illness will offer

more comprehensive understanding of its biological characteristics, and inspire

researchers to develop new complementary treatments for the hypermetabolic

state that occurs in critically ill patients.
KEYWORDS
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Introduction

Critical illness, aroused by severe accidental or iatrogenic trauma, widespread invasion

of highly virulent pathogens, aggressive cancer progression, etc., is mainly characterized by

potentially fatal changes in the hypothalamic-pituitary-axis, which therefore usually

demonstrates a desperate need for organ support and close monitoring but still

inevitably produces a relatively high proportion of deaths (1, 2). Hypermetabolism

accompanied by severe systemic impairment was defined by a significant increase in

measured resting energy expenditure relative to predicted resting energy expenditure (3).

And the more specific features of hypermetabolism in critical illness such as extensive

thermal injury, cancer cachexia and sepsis are represented by accelerated overall energy

expenditure and persistent widespread metabolic imbalance, including the excessive

accumulation of free fatty acids (FFAs), amino acids and glucose in circulation (4–6).
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The significant elevations in resting energy expenditure resulted in

the uncontrolled wasting of human nutritional components, and

the subsequent systemic disorders of metabolism, endocrinology,

inflammation and immunity followed the prolonged catabolic

reactions ultimately (7, 8). Patients with critical illness are always

experiencing severe disturbance in life support systems and in

desperate need for nutritional supply and proactive intervention

for homeostasis maintenance (9). Regretfully, hypermetabolic

conditions further aggravate the imbalance of multiple important

systems and increase the overall mortality rate in patients with

critical illness (10).

Beige adipose tissue (Beige AT) was observed in traditional

white adipose tissue (WAT) depots under specific stimulus with

acquired brown adipose tissue (BAT) characteristics, mainly

morphologically showing the sparsely distributed small adipocytes

enrich in multilocular lipid droplets and mitochondria among large

adipocytes, accompanied by more substantial vascularization and

innervation histologically (11). Besides, activated uncoupling

thermogenesis of the induced beige adipocytes mediated by the

overexpressed uncoupling protein 1(UCP1) facilitates the rapid

exhaustion of energy-containing multi-carbon units, which

corresponds to the efficient specific uptake of circulating

substrates for lipid and glucose metabolism (12–14). During the

acclimation process to cold exposure, as firstly reported decades ago

to be the traditional well-acknowledged browning stimulus, the

enhanced thermogenesis of induced beige adipose tissue improves

the individual’s ability to withstand low temperature (15, 16).

Due to its energy dissipation feature, browning of WAT was

also regarded as the potential target for the therapy of obesity and

metabolic syndrome, which therefore promoted the vigorous

development of browning-related agonists (17, 18). For all types

of populations suffering from obesity, especially those who lack the

ability to actively exercise, promoting browning of adipose tissue

can simultaneously eliminate subcutaneous and visceral fat through

non-shivering thermogenesis and improve obesity phenotype (19).

In addition, adipose tissue browning can elevate basal metabolic

levels and correct metabolic disorders including impaired lipid

metabolism and glucose metabolism to a certain extent.

Therefore, for metabolic syndrome patients with symptoms such

as hyperglycemia, hyperlipidemia and insulin resistance, browning

of adipose tissue is also a potential therapeutic strategy to promote

their overall metabolism (20). Recent research has discovered

another interesting phenomenon, that is, in addition to

participating in shivering thermogenesis, skeletal muscles can also

undergo non-shivering thermogenesis under the stimulation of

various browning stimuli, and may work synergistically with

brown or beige adipose tissue through internal mechanisms such

as paracrine effects (21–24). Therefore, when extensive fat browning

occurs, we should also explore the possible simultaneous changes in

skeletal muscle and carry out targeted intervention in subsequent

studies, especially in the field of metabolic disorder.

However, recent researches discovered that WAT browning was

observed also in the progression of severe burns, sepsis and cancer

cachexia (25–27). Although previous studies, especially the

adipocyte subpopulations located in different fat depots identified

based on single-cell sequencing, have different browning potentials,
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under the strong browning stimulation in the context of critical

illness, the adipose tissue in both subcutaneous and visceral fat

depots is basically activated (28, 29). Regretfully, the existing

evidence suggested that extensive browning of WAT further

exacerbated hypermetabolism in critical illness (30). Patients in

critical illness, especially skinny individuals, are already under

extreme consumption of negative nitrogen balance, which could

be further aggravated with totally disturbed metabolic homeostasis

after the induction of active beige adipose tissue (31). This

phenomenon to some degree clarified the obesity paradox, which

indicated the slightly obese individuals possessed longer survival

than the slim or normal weight ones as shown by large-scale

demographic analysis (32, 33). In this review, we will demonstrate

the adaptive changes and specific behavior of adipose tissue under

metabolic stresses, especially the browning of WAT, and discuss the

possible mechanism of massive beige adipose tissue emergence,

medical risk to multiple systems as well as its potential prognostic

and therapeutic values with the aim for more comprehensive and

efficient intervention of patients with critical illness.
Browning of WAT in critical illness

Browning of traditional white adipose tissue, especially

subcutaneous WAT, was first observed in mice exposed to cold

stress and manifested as sporadic clusters of small mitochondria-

rich cells similar to brown adipocytes distributed in the adipose

tissue (34). The induced beige adipocytes tended to rapidly release

heat energy by consuming substrates such as free fatty acids in

circulation through UCP1-mediated uncoupling thermogenesis,

which apparently enhanced the ability of cold endurance for the

mice (35). Subsequent studies confirmed that browning of WAT

can be triggered by in-vivo application of b3 adrenoreceptor

agonists, peroxisome proliferator-activated receptor (Pparg)
agonists, dietary intake of natural ingredients such as capsaicin or

even adequate exercises (36–39). With regards to humans, there is

considerable amount of literature concerning the browning of both

subcutaneous and visceral WAT under similar stimulus with

sufficient evidence acquired from the discoveries of anatomy and

imaging examination especially PET-CT. However, recent studies

depicted that significant systemic stress in critical illness, such as

burns, severe trauma, sepsis and cancer cachexia, was always

accompanied by extensive browning of white adipose tissue.

In burn cases, surgeons and researchers are most concerned

about the extensive liquefaction and necrosis of adipose tissue,

especially the subcutaneous white adipose tissue adjacent to the

burn sites, which can lead to further inflammatory cascades,

catastrophic infection, and a series of other complications (40).

However, in 1991, Rothwell et al. firstly reported that brown adipose

tissue in rats was also involved in the stress response after scalding,

which was manifested in the suppression of weight gain and the

increase in individual metabolic levels accompanied by the

activation of BAT function (41). In the past decade,

pathophysiological research on adipose tissue confirmed that it

plays a substantial endocrine and paracrine role in many diseases

correlated with metabolic disorders (42). Therefore, some scholars
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began to explore the relationship between adipose tissue and the

hypermetabolic state in the context of burns (43). Zhang et al.

discovered the increased Ucp1 mRNA expression in mice brown

adipose tissue after burn injury in 2008, and moreover, the resected

subcutaneous white adipose tissue also showed increased Ucp1

expression (44). This finding was noteworthy because it indicated

that after burns, not only the brown adipose tissue located in the

fixed anatomical areas increases its non-shivering thermogenesis,

but the subcutaneous white adipose tissue also undergoes extensive

browning, and the two together intensify individual ’s

hypermetabolism. Later studies carried out by Sidossis et al.

indicated that the similar phenomenon was also observed in

humans after severe burns, and that the significant morphological

and functional changes of resected subcutaneous WAT, such as the

wide distribution of multilocular adipocytes, increase of uncoupling

protein 1 (UCP1), increase of mitochondrial density and respiratory

capacity, were enough to prove the occurrence of browning (45).

In cancer, traditional white adipose tissue is always considered an

accomplice because obesity is associated with both increased cancer

incidence and progression in multiple tumor types (46, 47). Therefore,

previous studies tended to focus on the remodeling of adipose tissue

microenvironment, including inflammation, vascularity and fibrosis,

which were believed to directly influence tumor initiation and

progression (48). However, Wagner et al. pointed out that another

phenotypical switch from WAT to BAT was obvious in mice with

cancer-associated cachexia (49). Later clinical studies accomplished by

Bredella et al. performed long-term follow-up of tumor patients and

utilized PET/CT scanning to detect BAT activity in patients with

different tumor prognosis (50, 51). It was found that BAT is

significantly activated during tumor progression and can even be

used as a marker of tumor recurrence or metastasis to a certain extent.

Besides, browning of WAT was also observed in nonobese mice

after the induction of polymicrobial sepsis, which was absent in

obese mice with less release of norepinephrine. Other disorders that

cause excessive adrenergic stress, such as hyperthyroidism and

extensive wounds, also have pathological basis for inducing

browning of WAT in both model animals or humans as reported

previously (52–54).
Hazards of WAT browning in
critical illness

As a famous in vivo thermal power plant that continuously utilizes

circulating glucose or lipids as fuel, there is no denying the fact that

brown or beige adipose tissue could help to preserve the physiological

range of body temperature in severe burns or extensive wounds with

obviously damaged soft tissue barrier (55–57). And as part of the

body’s stress response, browning of WAT can promote decomposition

of lipid droplets and release of substrates into the blood, thereby

increasing the basic energy supply of target cells throughout the body in

a short period of time (58). In the meantime, beige adipose tissue or

activated brown adipose tissue can absorb glucose or lipids from

circulation, improving insulin resistance and hyperlipidemia (59). On

the other hand, browning of adipose tissue was also related with type II

inflammation pattern, which might help reduce the production of
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mediators of oxidative stress and immune responses and protect the

individuals from the catastrophic inflammatory storm (60, 61).

Interestingly, recent study in cancer revealed that the ability to

compete for energy substrates in activated BAT after cold

stimulation help starve the cancer cells, which eventually prolonged

patient survival time (62). This study also illustrated the dominant

position of brown or beige adipose tissue in competing for metabolic

substrates, even in direct competition with tumor cells.

However, there are also serious systemic risks in critical illness

as reported recently (Figure 1). Firstly, hypermetabolism in critical

illness is quite normal with excessive energy consumption and

elevated resting energy expenditure (REE) (63). However,

previous studies indicated the activated BAT and beige adipose

tissue can exacerbate the body’s hypermetabolic state (64). Even

though the hypermetabolic state in critical illness at first mobilizes

the defense functions and prepares the body for further harms, its

long-term maintenance does cause unnecessary waste of nutrients,

rapid exhaustion of exogenously supplemented energy and bring

systemic disorders of glucose and lipid metabolism, nitrogen

balance, cardiovascular homeostasis, immunity, etc (65). In

decompensated state of critical illness, hypermetabolism can

directly induce the dysfunction of multiple organs.

Besides, in hypermetabolism, it should never be neglected that

adipose tissue and muscles are continuously wasting after the

overactivation of BAT or beige AT (66). The accumulation of

adipose tissue has always been regarded as the culprit of many

metabolic-related diseases, and keeping a high body mass index is

considered a disease state (67). However, excess adipose tissue

provides fuel reserves to bridge the gap between decreased intake

and elevated requirements in critical illness (68). Therefore,

excessive mobilization of energy stored as triglycerides in adipose

tissue especially after the browning of both subcutaneous and

visceral WAT reduces the body’s ability to respond to more

damaging internal and external factors (69). Furthermore,

previous studies indicated that muscle wasting also inevitably

accelerates after the browning of WAT in cachexia (70). As a

typical feature and upstream modulator of beige adipose tissue,

enhanced lipolysis can be observed in burns or cancer-related

cachexia, which is characterized by severe weight loss, systemic

inflammation, muscle and adipose tissue wasting (71). Das et al.

demonstrated that attenuating lipolysis via genetic ablation of

adipose triglyceride lipase preserves both the adipose tissue and

muscle (72). Wasting of both adipose tissue and muscle after the

overactivation of BAT and beige AT symbolizes the uncontrollable

dissipation of substrate depots, therefore lack of nutrition

supplement in lean individuals can be devastating (73).

In addition, long-term release of lipids into circulation after

WAT browning causes the imbalance of plasma lipid profiles and

accelerates the progression of atherosclerosis, hepatic steatosis as

well as immune suppression (74, 75). It is notable that even in lean

individuals, the characteristic pathological changes caused by lipid

metabolism disorders are still obvious.

Considering that both brown and beige fat can be activated in

critical illness, the detailed relationship as well as the difference

between brown adipose tissue and beige adipose tissue should also

be explored in the future. Nowadays, it’s clear that in critical illness,
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BAT itself increases the production efficiency as a thermal energy

factory, presenting with enhanced uptake of substrates and

uncoupling thermogenesis. At the same time, BAT can release a

variety of batokines through endocrine to affect multiple target

organs, including white adipose tissue, whose lipolysis can be

obviously initiated (76). As for beige adipose tissue, first of all, its

browning is accompanied by significant lipolysis and the removed

lipid droplets can’t be completely consumed by themselves (77).

Therefore, a large amount of lipids are released into the blood

during the process of browning, and some of them are absorbed by

BAT as fuel. But the excessive accumulation of lipids in blood can

directly disturb the metabolism, causing atherosclerosis, hepatic

steatosis and etc (78). Therefore, unlike brown adipose tissue which

acts as a thermal factory and signal tower, beige adipose tissue is

more like an energy reserve warehouse and a temporary heat-

generating factory during wartime. Unfortunately, the overuse of

both tends to exert a negative effect in the heat of battlefield (79).
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Possible mechanisms of WAT
browning in critical illness

Referring to the activation mechanism of WAT in response to

traditional browning stimuli such as cold, upregulation of

adrenergic pathway is of crucial importance, and the sympathetic

nervous system is always overactivated in critical illness (Figure 2)

(80). In burns, previous clinical research indicated that

hypercatecholamines accompanied by excessive activation of the

sympathetic nervous system not only appear immediately after

trauma, but can also be maintained for a long time (81). Further

basic research confirmed that this sustained hypercatecholamines

promoted activation of BAT and browning of WAT, which together

contributed to the formation of hypermetabolism in critical illness

(82, 83). However, recent studies suggested M2 macrophages can

also release catecholamines locally and directly induce the

activation of b3-AR pathway of adipocytes. This mechanism
FIGURE 1

Damage patterns of target organs caused by hypermetabolism with enhanced fat browning in critical illness and symptomatic treatment strategies.
The schematic diagram illustrates the impact of fat browning(Activated BAT or Beige AT) on target organs in humans. A number of organs and
tissues have been found to get impaired in hypermetabolism, as a result of fat browning in critical illness. This simplified overview also delineates the
alternative symptomatic treatment strategies based on the understanding of the pathological process in target organs after the occurrence of
hypermetabolism in critical illness.
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relies on type II inflammatory response, in which the upstream

molecule that induces macrophages to polarize toward M2 type

might be IL-4, since mice lacking IL-4 signaling exhibited

impairments in browning. Interestingly, in obese patients, white

adipose tissue always experiences a chronic inflammation response

characterized by M1 macrophage infiltration, so this mechanism

partially explains the lower degree of browning in obese individuals

in critical illness and also adds further understanding to obesity

paradox (84, 85). Besides, other mediators that regulate polarization

of macrophages were studied recently in burn patients and among

them, palmitate drew much attention since it is one of the free fatty

acids(FFAs) secreted by adipocytes undergoing lipolysis and is

abundant in serum after burns (86). This positive feedback

mechanism continuously strengthens the upstream browning

stimulation, leading to further lipolysis and browning of WAT.

In addition to the secretion of catecholamines, other endocrine

factors and cytokines have also been implied to be associated with

browning of WAT in critical illness. IL-6, for example, has been

validated to affect the browning process of WAT because mice

lacking the IL-6 gene have impaired WAT browning in response to

burns and cancer, and that the enhanced activation of IL-6 signaling

induces WAT browning and increases energy expenditure in
Frontiers in Endocrinology 05
patients with critical illness (87, 88). As a classic cytokine, IL-6

can be secreted by a variety of cells, such as various immune cells,

fibroblasts, etc. during infection and trauma, and it has a wide range

of regulatory effects on many target cells (89). However, recent

studies in critical illness revealed its underlying mechanism also

involves macrophage polarization toward M2 type and

theoretically, clearance of the infiltrated macrophages in adipose

tissue can counteract the browning-promoting effect of IL-6 (90).

Batokines, defined as the BAT-derived regulatory molecules

that act in a paracrine or autocrine manner, are believed to

influence systemic metabolism and convey the metabolic effects of

BAT activation to other tissues and organs. Interestingly, in many

cases, such as under cold stimulation, the activation of BAT is often

accompanied by browning of WAT, which suggests that WAT may

also be one of the target tissues acted upon by part of the batokines

(91). Previous studies firstly identified fibroblast growth factor 21

(FGF-21), IL-6 and neuregulin 4 as the BAT-derived endocrine

factors, or batokines (92). As mentioned above, IL-6 is an important

signaling molecule that causes extensive browning of WAT in

severe cases such as burns (93). FGF-21, although mainly

produced by the liver and involved in hepatic lipid and

carbohydrate metabolism, it can also be produced by activated
FIGURE 2

Possible mechanisms causing fat browning in critical illness and corresponding targeted treatment strategies. This figure lists the representative
pathological damage factors that tend to activate fat browning. In addition, it is also shown that several molecular pathways, such as the b-
adrenergic pathway and IL-6 mediated inflammatory pathway, can trigger the fat browning process in critical illness. At last, the specific treatment
options aiming at interfering with these molecular mechanisms and targets are discussed.
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BAT, inducing browning of WAT by binding to FGF-21 receptors

and b-klotho co-receptors on adipocytes and activating the p38

MAPK pathway (94–96). Later studies have confirmed that the

persistent type I inflammatory response in obese patients can

interfere with the expression of b-klotho co-receptors through the

production of TNF-a, thereby inhibiting the function of FGF-21

(97). While the anti-inflammatory microenvironment dominated

by M2 macrophages in tumor patients relieves this inhibition

pattern and promotes the efficient conduction of FGF-21

signaling and the rapid browning of WAT (98). Therefore, the

batokine profile should be further investigated, considering the

exact signaling link between BAT and WAT in critical illness.

Also in tumor patients, as cell clusters with obvious

heterogeneity, tumors also have their own specific secretion

profile, or tumorkines, some of which may affect the browning

process of WAT (99, 100). For example, parathyroid hormone

related protein (PTH-rP), which can be released by tumors into

circulation, has a broad range of target organs, including skin,

cartilage, placenta, bone and adipose tissue as well (101). In specific,

under the stimulation of PTH-rP, browning program can be

initiated in WAT of both humans and rodents, which aggravates

hypermetabolism in cancer cachexia (102).

Considering that thyroid hormone, mainly triiodothyronine

(T3), can increase the activity of UCP1 distal enhancer, which

contains a binding site for the T3/TRb complex, by activating

thyroid hormone receptors on adipocytes, the role of thyroid

hormone in hypermetabolism cannot be ignored (103). After all,

critical illness is often accompanied by excessive release of thyroid

stimulating hormone (TSH) and thyroid hormone (104). Previous

studies also clarified that T3 is mainly released by the thyroid gland,

but adipocytes themselves can catalyze thyroxine(T4) into T3

through type II iodothyronine 5’-deiodinase(DIO2) (105).

Therefore, thyroid hormone, including T3 and T4, can both cause

browning of WAT and should be closely monitored in critical

illness. In addition, thyroid hormone can also increase the

metabolic activity of many target cells, which acts synergistically

with activated brown or beige adipose tissue, jointly exacerbating

the hypermetabolic state (106).

In the same way, patients with critical illness are often

accompanied by abnormalities in cardiac function, such as heart

failure (107). As indicator molecules characteristically secreted by

the ventricle in heart failure, the cardiac natriuretic peptide family,

consists of three members: atrial natriuretic peptide, brain

natriuretic peptide (BNP) and C-type natriuretic peptide (108).

Among them, atrial natriuretic peptide and BNP achieve their

biological effects through natriuretic peptide receptor A, while C-

type natriuretic peptide binds to guanylyl cyclase receptor. In WAT

of patients with critical illness, natriuretic peptide (NP) signaling

activates cyclic guanosine monophosphate protein kinase (cAMP),

and then phosphorylates hormone-sensitive lipase (HSL) and

perilipin, breaking down lipid droplets and providing raw

materials for mitochondrial respiration (109). This mechanism

mediated by the cardiac natriuretic peptides complements the
Frontiers in Endocrinology 06
theoretical framework and elucidates more intrinsic causes of the

browning of WAT especially in patients with cardiac dysfunction.

At last, in some research, hypoxia is considered to be another

contributing factor of WAT browning (110). In critical illness such

as sepsis, tissue hypoxia is very common and can become more

severe as the condition worsens (111). Our previous research on

adipose tissue transplantation in vivo and anaerobic culture of white

adipocytes in vitro indicated the appearance of multiocular,

mitochondria-rich, small-volume brown fat-like adipocytes under

hypoxia (112). Cao et al. reported that the upregulation of hypoxia

induced factor(HIF) and vascular endothelial growth factor(VEGF)

enhances microvascularization in adipose tissue and also activates

the sympathetic nervous system by promoting the release of

norepinephrine, which together contribute to the browning of

WAT under hypoxia (113).
Potential therapeutic significance of
WAT browning in critical illness

Hypermetabolism in critical illness is undoubtedly harmful. On

the one hand, it causes excessive energy depletion of the body; while

on the other hand, it also aggravates the individual’s metabolic

disorder and destroys the homeostasis of the whole body (114).

Therefore, in critical illness, besides conventional treatment, the

occurrence of hypermetabolic states should be noted and the

corresponding treatment aiming at alleviating hypermetabolism

should be adopted. In general, the hypermetabolic state in critical

illness should be mainly dealt with in two aspects. One is to use

various symptomatic treatment strategies to reduce the harmful

effects on the body, and the other is to carry out targeted

intervention for the cause of WAT browning (115).

In the context of the hypermetabolic state of critical illness, the

first thing to bear the brunt is the rapid depletion of various

substrates, including lipids, carbohydrates, amino acids, etc

(Figure 1) (116, 117). Timely and adequate supplementation of

exogenous nutrition is naturally essential, but for a patient in

hypermetabolic state, the lack of a relatively objective quantitative

standard makes it very difficult to adjust nutritional support

strategies (118). Calculating the basal metabolic rate (BMR) of a

bedridden patient through indirect calorimetry may be a feasible

solution, but currently there is a lack of a simple and efficient testing

device in clinical practice (119). The question of whether the

current amount of exogenous nutritional supplements in critical

illness needs to be increased still needs further exploration (120). In

addition, the composition structure of exogeneous nutrients also

needs to be adjusted according to the patient’s specific metabolic

state, especially the content of each metabolite in the circulation, so

as to actively correct the metabolic disorder in patients with critical

illness (121). At the same time, considering that hyperlipidemia in

hypermetabolism is often accompanied by blood hypercoagulability

and can further induce complications such as anticoagulation and

liver cirrhosis, corresponding treatments such as anticoagulation
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and antiplatelet, lipid-lowering and liver protection should be

applied simultaneously (122). For critically ill patients who are

bedridden, muscles are consumed at an accelerated rate in

hypermetabolism, and muscle fibers atrophy rapidly due to loss of

use (123). Therefore, appropriate passive exercise and protein

supplement cannot be ignored when formula t ing a

comprehensive treatment plan. At last, we need to discuss the use

of therapeutic hypothermia in critical illness. Although lowering the

ambient temperature can alleviate the patient’s stress response and

reduce some unnecessary energy consumption, too low temperature

can obviously activate adipose tissue, induce non-shivering

thermogenesis and even induce muscle trembling (124).

Therefore, it is necessary to find a suitable low ambient

temperature that cannot directly induce adipose tissue browning

or muscle trembling.

Previous studies have well demonstrated that activated BAT or

browning of WAT aggravates hypermetabolism, so treatment

options targeting BAT or beige adipose tissue have significant

clinical significance (Figure 2). Since the release of catecholamines

caused by activation of the sympathetic nervous system can directly

activate browning of adipose tissue, reducing the excitability of the

sympathetic nervous system or the concentration of catecholamines

is a feasible therapeutic strategy, such as using b-blockers (125).

Coincidentally, the release of the thyroid hormones is also

associated with activation of the sympathetic nervous system, so

b-blockers, such as metoprolol, may also alleviate hypermetabolism

by stabilizing thyroid function (126). Of course, the above

discussion also proves that monitoring the concentration of

catecholamines or thyroid hormones in the circulation also has

certain reference value for adjusting treatment strategies. IL-6 or its

receptor inhibitors and monoclonal antibodies are among the drugs

used to inhibit inflammation in clinical practice (127). Some of

these products have been widely used, such as the IL-6 receptor

inhibitor tocilizumab (128). Here, we have clarified from previous

studies that IL-6 mediated adipose tissue browning is involved in

the formation of hypermetabolism in critical illness. Therefore, the

use of IL-6 or its receptor inhibitors and monoclonal antibodies can

theoretically correct hypermetabolism by reducing the degree of

adipose tissue browning (88). When necessary, hemodialysis to

remove excess circulating factors, such as IL-6, is also an option.

Given that batokines, such as FGF21, and tumorkines, such as PTH-

rP, are involved in hypermetabolism in critical illness, subsequently

developed drugs targeting these molecules have significant potential

in treating hypermetabolism. In addition, cardiac dysfunction or

thyroid dysfunction in critical illness can further aggravate fat

browning and hypermetabolism through the secretion of T3 and

natriuretic peptides. Therefore, the clinical significance of

protecting thyroid and heart function is further highlighted.

Finally, considering the role of tissue hypoxia in promoting

adipose tissue browning, fully improving tissue hypoxia through

hyperbaric oxygen and other alternative treatments may also be an

excellent option to correct hypermetabolism in critical illness.
Frontiers in Endocrinology 07
Conclusion

Hypermetabolism in critical illness brings significant risks to

patients, while activation of BAT and browning of WAT are

presumed to be an important cause of hypermetabolism as the

previous studies suggest. Release of catecholamines caused by

activation of the sympathetic nervous system, batokines such as

IL-6, FGF-21 and tumorkines such as PTH-rP, as well as other

neuroendocrine factors including thyroid hormone and cardiac

natriuretic peptide, are the upstream modulators mediating

adipose tissue browning in critical illness. This review highlights

the role of activated BAT or WAT undergoing browning process in

hypermetabolism of critical illness, and points out potential clinical

solutions to correct hypermetabolism through the combination of

symptomatic treatment and brown fat-specific treatment.
Author contributions

LH: Supervision, Writing – original draft, Writing – review &

editing. LZ: Funding acquisition, Investigation, Writing – original

draft. ZZ: Software, Visualization, Writing – review & editing. SJ:

Conceptualization, Funding acquisition, Investigation, Writing –

original draft.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This work

was funded by grants from the Basic Public Welfare Research

Program of Zhejiang Province (LTGY23H150002), Medical

Science and Technology Project of Zhejiang Province

(2023RC305) and Science and Technology Plan Project of

Taizhou (22ywa33).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
frontiersin.org

https://doi.org/10.3389/fendo.2024.1484524
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Huang et al. 10.3389/fendo.2024.1484524
References
1. Vanhorebeek I, Langouche L, Van den Berghe G. Endocrine aspects of acute and
prolonged critical illness. Nat Clin Pract Endocrinol Metab. (2006) 2:20–31.
doi: 10.1038/ncpendmet0071

2. Van den Berghe G. Endocrine evaluation of patients with critical illness.
Endocrinol Metab Clin North Am. (2003) 32:385–410. doi: 10.1016/S0889-8529(03)
00005-7

3. Steyn FJ, Ioannides ZA, van Eijk RPA, Heggie S, Thorpe KA, Ceslis A, et al.
Hypermetabolism in ALS is associated with greater functional decline and shorter
survival. J Neurol Neurosurg Psychiatry. (2018) 89:1016–23. doi: 10.1136/jnnp-2017-
317887

4. Moreira E, Burghi G, Manzanares W. Update on metabolism and nutrition
therapy in critically ill burn patients. Med Intensiva (Engl Ed). (2018) 42:306–16.
doi: 10.1016/j.medin.2017.07.007

5. Wischmeyer PE. Tailoring nutrition therapy to illness and recovery. Crit Care.
(2017) 21:316. doi: 10.1186/s13054-017-1906-8

6. Preiser JC, Ichai C, Orban JC, Groeneveld ABJ. Metabolic response to the stress of
critical illness. Br J Anaesth. (2014) 113:945–54. doi: 10.1093/bja/aeu187

7. Briassoulis G, Venkataraman S, Thompson A. Cytokines and metabolic patterns
in pediatric patients with critical illness. Clin Dev Immunol. (2010) 2010:354047.
doi: 10.1155/jimr.v2010.1

8. Porter C, Sousse LE, Irick R, Schryver E, Klein GL. Interactions of phosphate
metabolism with serious injury, including burns. JBMR Plus. (2017) 1:59–65.
doi: 10.1002/jbm4.10011

9. Goes CR, Balbi AL, Ponce D. Evaluation of factors associated with
hypermetabolism and hypometabolism in critically ill AKI patients. Nutrients. (2018)
10(4):505. doi: 10.3390/nu10040505

10. Wu C, Wang X, Yu W, Tian F, Liu S, Li P, et al. Hypermetabolism in the initial
phase of intensive care is related to a poor outcome in severe sepsis patients. Ann Nutr
Metab. (2015) 66:188–95. doi: 10.1159/000430848

11. Pilkington AC, Paz HA, Wankhade UD. Beige adipose tissue identification and
marker specificity-overview. Front Endocrinol (Lausanne). (2021) 12:599134.
doi: 10.3389/fendo.2021.599134

12. Cheng L, Wang J, Dai H, Duan Y, An Y, Shi L, et al. Brown and beige adipose
tissue: a novel therapeutic strategy for obesity and type 2 diabetes mellitus. Adipocyte.
(2021) 10:48–65. doi: 10.1080/21623945.2020.1870060

13. Chen YJ, Liao PX, Kuo WH, Chen CY, Ding ST, Wang MH. Assessment of
brown and beige adipose tissue activation in mice using PET/CT imaging.Methods Mol
Biol. (2023) 2662:135–45. doi: 10.1007/978-1-0716-3167-6_12

14. Chen YJ, Lin CW, Peng YJ, Huang CW, Chien YS, Huang TH, et al.
Overexpression of adiponectin receptor 1 inhibits brown and beige adipose tissue
activity in mice. Int J Mol Sci. (2021) 22(2):906. doi: 10.3390/ijms22020906

15. Pereira RO, Olvera AC, Marti A, Fang S, White JR, Westphal M, et al. OPA1
regulates lipid metabolism and cold-induced browning of white adipose tissue in mice.
Diabetes. (2022) 71:2572–83. doi: 10.2337/db22-0450

16. Scheel AK, Espelage L, Chadt A. Many ways to rome: exercise, cold exposure and
diet-do they all affect BAT activation and WAT browning in the same manner? Int J
Mol Sci. (2022) 23(9):4759. doi: 10.3390/ijms23094759

17. Wiedmann NM, Stefanidis A, Oldfield BJ. Characterization of the central neural
projections to brown, white, and beige adipose tissue. FASEB J. (2017) 31:4879–90.
doi: 10.1096/fj.201700433R

18. Bartelt A, Heeren J. Adipose tissue browning and metabolic health. Nat Rev
Endocrinol. (2014) 10:24–36. doi: 10.1038/nrendo.2013.204

19. Saito M. Human brown adipose tissue: regulation and anti-obesity potential.
Endocr J. (2014) 61:409–16. doi: 10.1507/endocrj.EJ13-0527

20. Ziqubu K, Dludla PV, Mabhida SE, Jack BU, Keipert S, Jastroch M, et al. Brown
adipose tissue-derived metabolites and their role in regulating metabolism.Metabolism.
(2024) 150:155709. doi: 10.1016/j.metabol.2023.155709

21. Bal NC, Maurya SK, Sopariwala DH, Sahoo SK, Gupta SC, Shaikh SA, et al.
Sarcolipin is a newly identified regulator of muscle-based thermogenesis in mammals.
Nat Med. (2012) 18:1575–9. doi: 10.1038/nm.2897

22. Pant M, Bal NC, Periasamy M. Sarcolipin: A key thermogenic and metabolic
regulator in skeletal muscle. Trends Endocrinol Metab. (2016) 27:881–92. doi: 10.1016/
j.tem.2016.08.006

23. Li H, Wang C, Li L, Li L. Skeletal muscle non-shivering thermogenesis as an
attractive strategy to combat obesity. Life Sci. (2021) 269:119024. doi: 10.1016/
j.lfs.2021.119024

24. Bardova K, Janovska P, Vavrova A, Kopecky J, Zouhar P. Adaptive induction of
nonshivering thermogenesis in muscle rather than brown fat could counteract obesity.
Physiol Res. (2024) 73:S279–94. doi: 10.33549/physiolres

25. Abdullahi A, Auger C, Stanojcic M, Patsouris D, Parousis A, Epelman S, et al.
Alternatively activated macrophages drive browning of white adipose tissue in burns.
Ann Surg. (2019) 269:554–63. doi: 10.1097/SLA.0000000000002465
Frontiers in Endocrinology 08
26. Dong M, Lin J, Lim W, Jin W, Lee HJ. Role of brown adipose tissue in metabolic
syndrome, aging, and cancer cachexia. Front Med. (2018) 12:130–8. doi: 10.1007/
s11684-017-0555-2

27. Ayalon I, Shen H, Williamson L, Stringer K, Zingarelli B, Kaplan JM. Sepsis
induces adipose tissue browning in nonobese mice but not in obese mice. Shock. (2018)
50:557–64. doi: 10.1097/SHK.0000000000001076

28. Oguri Y, Shinoda K, Kim H, Alba DL, Bolus WR, Wang Q, et al. CD81 controls
beige fat progenitor cell growth and energy balance via FAK signaling. Cell. (2020)
182:563–77.e20. doi: 10.1016/j.cell.2020.06.021

29. Sahu B, Tikoo O, Pati B, Senapati U, Bal NC. Role of distinct fat depots in
metabolic regulation and pathological implications. Rev Physiol Biochem Pharmacol.
(2023) 186:135–76. doi: 10.1007/112_2022_73

30. Alipoor E, Hosseinzadeh-Attar MJ, Rezaei M, Jazayeri S, Chapman M. White
adipose tissue browning in critical illness: A review of the evidence, mechanisms and
future perspectives. Obes Rev. (2020) 21:e13085. doi: 10.1111/obr.v21.12

31. Knuth CM, Barayan D, Lee JH, Auger C, Monteiro LDB, Ricciuti Z, et al.
Subcutaneous white adipose tissue independently regulates burn-induced hypermetabolism
via immune-adipose crosstalk. Cell Rep. (2024) 43:113584. doi: 10.1016/j.celrep.2023.113584

32. Dulloo AG, Jacquet J. An adipose-specific control of thermogenesis in body
weight regulation. Int J Obes Relat Metab Disord. (2001) 25 Suppl 5:S22–9. doi: 10.1038/
sj.ijo.0801907

33. Simati S, Kokkinos A, Dalamaga M, Argyrakopoulou G. Obesity paradox: fact or
fiction? Curr Obes Rep. (2023) 12:75–85. doi: 10.1007/s13679-023-00497-1

34. WangW, Seale P. Control of brown and beige fat development. Nat Rev Mol Cell
Biol. (2016) 17:691–702. doi: 10.1038/nrm.2016.96

35. Sidossis L, Kajimura S. Brown and beige fat in humans: thermogenic adipocytes
that control energy and glucose homeostasis. J Clin Invest. (2015) 125:478–86.
doi: 10.1172/JCI78362

36. Cero C, Lea HJ, Zhu KY, Shamsi F, Tseng YH, Cypess AM. beta3-Adrenergic
receptors regulate human brown/beige adipocyte lipolysis and thermogenesis. JCI
Insight. (2021) 6(11):e139160. doi: 10.1172/jci.insight.139160

37. Rachid TL, Silva-Veiga FM, Graus-Nunes F, Bringhenti I, Mandarim-de-Lacerda
CA, Souza-Mello V. Differential actions of PPAR-alpha and PPAR-beta/delta on beige
adipocyte formation: A study in the subcutaneous white adipose tissue of obese male
mice. PloS One. (2018) 13:e0191365. doi: 10.1371/journal.pone.0191365

38. Okla M, Kim J, Koehler K, Chung S. Dietary factors promoting brown and beige
fat development and thermogenesis. Adv Nutr. (2017) 8:473–83. doi: 10.3945/
an.116.014332

39. Tanimura R, Kobayashi L, Shirai T, Takemasa T. Effects of exercise intensity on
white adipose tissue browning and its regulatory signals in mice. Physiol Rep. (2022) 10:
e15205. doi: 10.14814/phy2.15205

40. Wu H, He S, Zhang W, Huang Y, Zhang Q, Liu D. Administration of
circRNA_0075932 shRNA exhibits a therapeutic effect on burn-associated infection
in obese rats. Biochem Biophys Res Commun. (2022) 608:82–9. doi: 10.1016/
j.bbrc.2022.03.145

41. Rothwell NJ, Little RA, Rose JG. Brown adipose tissue activity and oxygen
consumption after scald injury in the rat. Circ Shock. (1991) 33:33–6.

42. Fenzl A, Kiefer FW. Brown adipose tissue and thermogenesis. Horm Mol Biol
Clin Investig. (2014) 19:25–37. doi: 10.1515/hmbci-2014-0022

43. Porter C, Herndon DN, Bhattarai N, Ogunbileje JO, Szczesny B, Szabo C, et al.
Severe burn injury induces thermogenically functional mitochondria in murine white
adipose tissue. Shock. (2015) 44:258–64. doi: 10.1097/SHK.0000000000000410

44. Zhang Q, Ma B, Fischman AJ, Tompkins RG, Carter EA. Increased uncoupling
protein 1 mRNA expression in mice brown adipose tissue after burn injury. J Burn Care
Res. (2008) 29:358–62. doi: 10.1097/BCR.0b013e318166739c

45. Sidossis LS, Porter C, Saraf MK, Børsheim E, Radhakrishnan RS, Chao T, et al.
Browning of subcutaneous white adipose tissue in humans after severe adrenergic
stress. Cell Metab. (2015) 22:219–27. doi: 10.1016/j.cmet.2015.06.022

46. Quail DF, Dannenberg AJ. The obese adipose tissue microenvironment in cancer
development and progression. Nat Rev Endocrinol. (2019) 15:139–54. doi: 10.1038/
s41574-018-0126-x

47. Kim DS, Scherer PE. Obesity, diabetes, and increased cancer progression.
Diabetes Metab J. (2021) 45:799–812. doi: 10.4093/dmj.2021.0077

48. Park J, Morley TS, Kim M, Clegg DJ, Scherer PE. Obesity and cancer–
mechanisms underlying tumour progression and recurrence. Nat Rev Endocrinol.
(2014) 10:455–65. doi: 10.1038/nrendo.2014.94

49. Petruzzelli M, Schweiger M, Schreiber R, Campos-Olivas R, Tsoli M, Allen J,
et al. A switch from white to brown fat increases energy expenditure in cancer-
associated cachexia. Cell Metab. (2014) 20:433–47. doi: 10.1016/j.cmet.2014.06.011

50. Bos SA, Gill CM, Martinez-Salazar EL, Torriani M, Bredella MA. Preliminary
investigation of brown adipose tissue assessed by PET/CT and cancer activity. Skeletal
Radiol. (2019) 48:413–9. doi: 10.1007/s00256-018-3046-x
frontiersin.org

https://doi.org/10.1038/ncpendmet0071
https://doi.org/10.1016/S0889-8529(03)00005-7
https://doi.org/10.1016/S0889-8529(03)00005-7
https://doi.org/10.1136/jnnp-2017-317887
https://doi.org/10.1136/jnnp-2017-317887
https://doi.org/10.1016/j.medin.2017.07.007
https://doi.org/10.1186/s13054-017-1906-8
https://doi.org/10.1093/bja/aeu187
https://doi.org/10.1155/jimr.v2010.1
https://doi.org/10.1002/jbm4.10011
https://doi.org/10.3390/nu10040505
https://doi.org/10.1159/000430848
https://doi.org/10.3389/fendo.2021.599134
https://doi.org/10.1080/21623945.2020.1870060
https://doi.org/10.1007/978-1-0716-3167-6_12
https://doi.org/10.3390/ijms22020906
https://doi.org/10.2337/db22-0450
https://doi.org/10.3390/ijms23094759
https://doi.org/10.1096/fj.201700433R
https://doi.org/10.1038/nrendo.2013.204
https://doi.org/10.1507/endocrj.EJ13-0527
https://doi.org/10.1016/j.metabol.2023.155709
https://doi.org/10.1038/nm.2897
https://doi.org/10.1016/j.tem.2016.08.006
https://doi.org/10.1016/j.tem.2016.08.006
https://doi.org/10.1016/j.lfs.2021.119024
https://doi.org/10.1016/j.lfs.2021.119024
https://doi.org/10.33549/physiolres
https://doi.org/10.1097/SLA.0000000000002465
https://doi.org/10.1007/s11684-017-0555-2
https://doi.org/10.1007/s11684-017-0555-2
https://doi.org/10.1097/SHK.0000000000001076
https://doi.org/10.1016/j.cell.2020.06.021
https://doi.org/10.1007/112_2022_73
https://doi.org/10.1111/obr.v21.12
https://doi.org/10.1016/j.celrep.2023.113584
https://doi.org/10.1038/sj.ijo.0801907
https://doi.org/10.1038/sj.ijo.0801907
https://doi.org/10.1007/s13679-023-00497-1
https://doi.org/10.1038/nrm.2016.96
https://doi.org/10.1172/JCI78362
https://doi.org/10.1172/jci.insight.139160
https://doi.org/10.1371/journal.pone.0191365
https://doi.org/10.3945/an.116.014332
https://doi.org/10.3945/an.116.014332
https://doi.org/10.14814/phy2.15205
https://doi.org/10.1016/j.bbrc.2022.03.145
https://doi.org/10.1016/j.bbrc.2022.03.145
https://doi.org/10.1515/hmbci-2014-0022
https://doi.org/10.1097/SHK.0000000000000410
https://doi.org/10.1097/BCR.0b013e318166739c
https://doi.org/10.1016/j.cmet.2015.06.022
https://doi.org/10.1038/s41574-018-0126-x
https://doi.org/10.1038/s41574-018-0126-x
https://doi.org/10.4093/dmj.2021.0077
https://doi.org/10.1038/nrendo.2014.94
https://doi.org/10.1016/j.cmet.2014.06.011
https://doi.org/10.1007/s00256-018-3046-x
https://doi.org/10.3389/fendo.2024.1484524
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Huang et al. 10.3389/fendo.2024.1484524
51. Chu K, Bos SA, Gill CM, Torriani M, Bredella MA. Brown adipose tissue and
cancer progression. Skeletal Radiol. (2020) 49:635–9. doi: 10.1007/s00256-019-03322-w

52. Yau WW, Singh BK, Lesmana R, Zhou J, Sinha RA, Wong KA, et al. Thyroid
hormone (T(3)) stimulates brown adipose tissue activation via mitochondrial
biogenesis and MTOR-mediated mitophagy. Autophagy. (2019) 15:131–50.
doi: 10.1080/15548627.2018.1511263

53. Yau WW, Yen PM. Thermogenesis in adipose tissue activated by thyroid
hormone. Int J Mol Sci. (2020) 21(8):3020. doi: 10.3390/ijms21083020

54. Cai J, Quan Y, Zhu S, Lin J, Zhang Q, Liu J, et al. The browning and mobilization
of subcutaneous white adipose tissue supports efficient skin repair. Cell Metab. (2024)
36:1287–301.e7. doi: 10.1016/j.cmet.2024.05.005

55. Levy JL, Mirek ET, Rodriguez EM, Zalma B, Burns J, JonssonWO, et al. GCN2 is
required to maintain core body temperature in mice during acute cold. Am J Physiol
Endocrinol Metab. (2023) 325:E624–37. doi: 10.1152/ajpendo.00181.2023

56. Koskensalo K, Raiko J, Saari T, Saunavaara V, Eskola O, Nuutila P, et al. Human
brown adipose tissue temperature and fat fraction are related to its metabolic activity. J
Clin Endocrinol Metab. (2017) 102:1200–7. doi: 10.1210/jc.2016-3086

57. Cohen P, Spiegelman BM. Brown and beige fat: molecular parts of a thermogenic
machine. Diabetes. (2015) 64:2346–51. doi: 10.2337/db15-0318

58. Lynes MD, Leiria LO, Lundh M, Bartelt A, Shamsi F, Huang TL, et al. The cold-
induced lipokine 12,13-diHOME promotes fatty acid transport into brown adipose
tissue. Nat Med. (2017) 23:631–7. doi: 10.1038/nm.4297

59. Kooijman S, Wang Y, Parlevliet ET, Boon MR, Edelschaap D, Snaterse G, et al.
Central GLP-1 receptor signalling accelerates plasma clearance of triacylglycerol and
glucose by activating brown adipose tissue in mice. Diabetologia. (2015) 58:2637–46.
doi: 10.1007/s00125-015-3727-0

60. Okla M, Zaher W, Alfayez M, Chung S. Inhibitory effects of toll-like receptor 4,
NLRP3 inflammasome, and interleukin-1beta on white adipocyte browning.
Inflammation. (2018) 41:626–42. doi: 10.1007/s10753-017-0718-y

61. Fruhbeck G, Fernández-Quintana B, Paniagua M, Hernández-Pardos AW,
Valentı ́ V, Moncada R, et al. FNDC4, a novel adipokine that reduces lipogenesis and
promotes fat browning in human visceral adipocytes. Metabolism. (2020) 108:154261.
doi: 10.1016/j.metabol.2020.154261

62. Yuneva M. Cold exposure as anti-cancer therapy. Cancer Cell. (2022) 40:1092–4.
doi: 10.1016/j.ccell.2022.09.008

63. Moonen HPFX, Hermans AJH, Bos AE, Snaterse I, Stikkelman E, van Zanten
FJL, et al. Resting energy expenditure measured by indirect calorimetry in mechanically
ventilated patients during ICU stay and post-ICU hospitalization: A prospective
observational study. J Crit Care. (2023) 78:154361. doi: 10.1016/j.jcrc.2023.154361

64. Barayan D, Abdullahi A, Knuth CM, Khalaf F, Rehou S, Screaton RA, et al.
Lactate shuttling drives the browning of white adipose tissue after burn. Am J Physiol
Endocrinol Metab. (2023) 325:E180–91. doi: 10.1152/ajpendo.00084.2023

65. McClave SA, Martindale RG. Browning of white adipose tissue may be an
appropriate adaptive response to critical illness. JPEN J Parenter Enteral Nutr. (2024)
48:37–45. doi: 10.1002/jpen.v48.1

66. Ma D, Li X, Wang Y, Cai L, Wang Y. Excessive fat expenditure in cachexia is
associated with dysregulated circadian rhythm: a review. Nutr Metab (Lond). (2021)
18:89. doi: 10.1186/s12986-021-00616-6

67. Goossens GH. The metabolic phenotype in obesity: fat mass, body fat
distribution, and adipose tissue function. Obes Facts. (2017) 10:207–15. doi: 10.1159/
000471488

68. Ripoll JG, Bittner EA. Obesity and critical illness-associated mortality: paradox,
persistence and progress. Crit Care Med. (2023) 51:551–4. doi: 10.1097/
CCM.0000000000005787

69. Schetz M, De Jong A, Deane AM, Druml W, Hemelaar P, Pelosi P, et al. Obesity
in the critically ill: a narrative review. Intensive Care Med. (2019) 45:757–69.
doi: 10.1007/s00134-019-05594-1

70. Pototschnig I, Feiler U, Diwoky C, Vesely PW, Rauchenwald T, Paar M, et al.
Interleukin-6 initiates muscle- and adipose tissue wasting in a novel C57BL/6 model of
cancer-associated cachexia. J Cachexia Sarcopenia Muscle. (2023) 14:93–107.
doi: 10.1002/jcsm.13109

71. Hu Y, Liu L, Chen Y, Zhang X, Zhou H, Hu S, et al. Cancer-cell-secreted miR-
204-5p induces leptin signalling pathway in white adipose tissue to promote cancer-
associated cachexia. Nat Commun. (2023) 14:5179. doi: 10.1038/s41467-023-40571-9

72. Das SK, Eder S, Schauer S, Diwoky C, Temmel H, Guertl B, et al. Adipose
triglyceride lipase contributes to cancer-associated cachexia. Science. (2011) 333:233–8.
doi: 10.1126/science.1198973

73. Auger C, Knuth CM, Abdullahi A, Samadi O, Parousis A, Jeschke MG.
Metformin prevents the pathological browning of subcutaneous white adipose tissue.
Mol Metab. (2019) 29:12–23. doi: 10.1016/j.molmet.2019.08.011

74. Dong M, Yang X, Lim S, Cao Z, Honek J, Lu H, et al. Cold exposure promotes
atherosclerotic plaque growth and instability via UCP1-dependent lipolysis. Cell Metab.
(2013) 18:118–29. doi: 10.1016/j.cmet.2013.06.003

75. Schett G, Elewaut D, McInnes IB, Dayer JM, Neurath MF. How cytokine
networks fuel inflammation: Toward a cytokine-based disease taxonomy. Nat Med.
(2013) 19:822–4. doi: 10.1038/nm.3260
Frontiers in Endocrinology 09
76. Villarroya F, Cereijo R, Villarroya J, Giralt M. Brown adipose tissue as a secretory
organ. Nat Rev Endocrinol. (2017) 13:26–35. doi: 10.1038/nrendo.2016.136

77. Ortiz GU, de Freitas EC. Physical activity and batokines. Am J Physiol Endocrinol
Metab. (2023) 325:E610–20. doi: 10.1152/ajpendo.00160.2023

78. Ghesmati Z, Rashid M, Fayezi S, Gieseler F, Alizadeh E, Darabi M. An update on
the secretory functions of brown, white, and beige adipose tissue: Towards therapeutic
applications. Rev Endocr Metab Disord. (2024) 25:279–308. doi: 10.1007/s11154-023-
09850-0

79. Hu Y, Huang Y, Jiang Y, Weng L, Cai Z, He B. The different shades of
thermogenic adipose tissue. Curr Obes Rep. (2024) 13(3):440–60. doi: 10.1007/
s13679-024-00559-y

80. Tabuchi C, Sul HS. Signaling pathways regulating thermogenesis. Front
Endocrinol (Lausanne). (2021) 12:595020. doi: 10.3389/fendo.2021.595020

81. Patsouris D, Qi P, Abdullahi A, Stanojcic M, Chen P, Parousis A, et al. Burn
induces browning of the subcutaneous white adipose tissue in mice and humans. Cell
Rep. (2015) 13:1538–44. doi: 10.1016/j.celrep.2015.10.028

82. Abdullahi A, Samadi O, Auger C, Kanagalingam T, Boehning D, Bi S, et al.
Browning of white adipose tissue after a burn injury promotes hepatic steatosis and
dysfunction. Cell Death Dis. (2019) 10:870. doi: 10.1038/s41419-019-2103-2

83. Bhattarai N, Rontoyanni VG, Ross E, Ogunbileje JO, Murton AJ, Porter C.
Brown adipose tissue recruitment in a rodent model of severe burns. Burns. (2020)
46:1653–9. doi: 10.1016/j.burns.2020.04.034

84. Kawai T, Autieri MV, Scalia R. Adipose tissue inflammation and metabolic
dysfunction in obesity. Am J Physiol Cell Physiol. (2021) 320:C375–91. doi: 10.1152/
ajpcell.00379.2020

85. Chavakis T, Alexaki VI, Ferrante AJ. Macrophage function in adipose tissue
homeostasis and metabolic inflammation. Nat Immunol. (2023) 24:757–66.
doi: 10.1038/s41590-023-01479-0

86. Xiu F, Diao L, Qi P, Catapano M, Jeschke MG. Palmitate differentially regulates
the polarization of differentiating and differentiated macrophages. Immunology. (2016)
147:82–96. doi: 10.1111/imm.2016.147.issue-1

87. Abdullahi A, Chen P, Stanojcic M, Sadri AR, Coburn N, Jeschke MG. IL-6 signal
from the bone marrow is required for the browning of white adipose tissue post burn
injury. Shock. (2017) 47:33–9. doi: 10.1097/SHK.0000000000000749

88. Barayan D, Abdullahi A, Vinaik R, Knuth CM, Auger C, Jeschke MG.
Interleukin-6 blockade, a potential adjunct therapy for post-burn hypermetabolism.
FASEB J. (2021) 35:e21596. doi: 10.1096/fj.202100388R

89. Heinrich PC, Behrmann I, Haan S, Hermanns HM, Müller-Newen G, Schaper F.
Principles of interleukin (IL)-6-type cytokine signalling and its regulation. Biochem J.
(2003) 374:1–20. doi: 10.1042/bj20030407

90. Rehou S, Shahrokhi S, Natanson R, Stanojcic M, Jeschke MG. Antioxidant and
trace element supplementation reduce the inflammatory response in critically ill burn
patients. J Burn Care Res. (2018) 39:1–9. doi: 10.1097/BCR.0000000000000607

91. Whitehead A, Krause FN, Moran A, MacCannell ADV, Scragg JL, McNally BD,
et al. Brown and beige adipose tissue regulate systemic metabolism through a
metabolite interorgan signaling axis. Nat Commun. (2021) 12:1905. doi: 10.1038/
s41467-021-22272-3

92. Villarroya J, Cereijo R, Gavaldà-Navarro A, Peyrou M, Giralt M, Villarroya F.
New insights into the secretory functions of brown adipose tissue. J Endocrinol. (2019)
243:R19–27. doi: 10.1530/JOE-19-0295

93. Vinaik R, Barayan D, Abdullahi A, Jeschke MG. NLRP3 inflammasome mediates
white adipose tissue browning after burn. Am J Physiol Endocrinol Metab. (2019) 317:
E751–9. doi: 10.1152/ajpendo.00180.2019

94. Bargut TCL, Souza-Mello V, Aguila MB, Mandarim-de-Lacerda CA. Browning
of white adipose tissue: lessons from experimental models.HormMol Biol Clin Investig.
(2017) 31(1). doi: 10.1515/hmbci-2016-0051

95. Cuevas-Ramos D, Mehta R, Aguilar-Salinas CA. Fibroblast growth factor 21 and
browning of white adipose tissue. Front Physiol. (2019) 10:37. doi: 10.3389/fphys.2019.00037

96. Fisher FM, Kleiner S, Douris N, Fox EC, Mepani RJ, Verdeguer F, et al. FGF21
regulates PGC-1alpha and browning of white adipose tissues in adaptive
thermogenesis. Genes Dev. (2012) 26:271–81. doi: 10.1101/gad.177857.111

97. Fisher FM, Chui PC, Antonellis PJ, Bina HA, Kharitonenkov A, Flier JS, et al.
Obesity is a fibroblast growth factor 21 (FGF21)-resistant state. Diabetes. (2010)
59:2781–9. doi: 10.2337/db10-0193

98. Jackaman C, Tomay F, Duong L, Abdol Razak NB, Pixley FJ, Metharom P, et al.
Aging and cancer: The role of macrophages and neutrophils. Ageing Res Rev. (2017)
36:105–16. doi: 10.1016/j.arr.2017.03.008

99. Qiu GZ, Jin MZ, Dai JX, Sun W, Feng JH, Jin WL. Reprogramming of the tumor
in the hypoxic niche: the emerging concept and associated therapeutic strategies.
Trends Pharmacol Sci. (2017) 38:669–86. doi: 10.1016/j.tips.2017.05.002

100. Arima Y, Matsueda S, Yano H, Harada M, Itoh K. Parathyroid hormone-related
protein as a common target molecule in specific immunotherapy for a wide variety of
tumor types. Int J Oncol. (2005) 27:981–8. doi: 10.3892/ijo.27.4.981

101. Maioli E, Fortino V, Torricelli C, Arezzini B, Gardi C. Effect of parathyroid
hormone-related protein on fibroblast proliferation and collagen metabolism in human
skin. Exp Dermatol. (2002) 11:302–10. doi: 10.1034/j.1600-0625.2002.110403.x
frontiersin.org

https://doi.org/10.1007/s00256-019-03322-w
https://doi.org/10.1080/15548627.2018.1511263
https://doi.org/10.3390/ijms21083020
https://doi.org/10.1016/j.cmet.2024.05.005
https://doi.org/10.1152/ajpendo.00181.2023
https://doi.org/10.1210/jc.2016-3086
https://doi.org/10.2337/db15-0318
https://doi.org/10.1038/nm.4297
https://doi.org/10.1007/s00125-015-3727-0
https://doi.org/10.1007/s10753-017-0718-y
https://doi.org/10.1016/j.metabol.2020.154261
https://doi.org/10.1016/j.ccell.2022.09.008
https://doi.org/10.1016/j.jcrc.2023.154361
https://doi.org/10.1152/ajpendo.00084.2023
https://doi.org/10.1002/jpen.v48.1
https://doi.org/10.1186/s12986-021-00616-6
https://doi.org/10.1159/000471488
https://doi.org/10.1159/000471488
https://doi.org/10.1097/CCM.0000000000005787
https://doi.org/10.1097/CCM.0000000000005787
https://doi.org/10.1007/s00134-019-05594-1
https://doi.org/10.1002/jcsm.13109
https://doi.org/10.1038/s41467-023-40571-9
https://doi.org/10.1126/science.1198973
https://doi.org/10.1016/j.molmet.2019.08.011
https://doi.org/10.1016/j.cmet.2013.06.003
https://doi.org/10.1038/nm.3260
https://doi.org/10.1038/nrendo.2016.136
https://doi.org/10.1152/ajpendo.00160.2023
https://doi.org/10.1007/s11154-023-09850-0
https://doi.org/10.1007/s11154-023-09850-0
https://doi.org/10.1007/s13679-024-00559-y
https://doi.org/10.1007/s13679-024-00559-y
https://doi.org/10.3389/fendo.2021.595020
https://doi.org/10.1016/j.celrep.2015.10.028
https://doi.org/10.1038/s41419-019-2103-2
https://doi.org/10.1016/j.burns.2020.04.034
https://doi.org/10.1152/ajpcell.00379.2020
https://doi.org/10.1152/ajpcell.00379.2020
https://doi.org/10.1038/s41590-023-01479-0
https://doi.org/10.1111/imm.2016.147.issue-1
https://doi.org/10.1097/SHK.0000000000000749
https://doi.org/10.1096/fj.202100388R
https://doi.org/10.1042/bj20030407
https://doi.org/10.1097/BCR.0000000000000607
https://doi.org/10.1038/s41467-021-22272-3
https://doi.org/10.1038/s41467-021-22272-3
https://doi.org/10.1530/JOE-19-0295
https://doi.org/10.1152/ajpendo.00180.2019
https://doi.org/10.1515/hmbci-2016-0051
https://doi.org/10.3389/fphys.2019.00037
https://doi.org/10.1101/gad.177857.111
https://doi.org/10.2337/db10-0193
https://doi.org/10.1016/j.arr.2017.03.008
https://doi.org/10.1016/j.tips.2017.05.002
https://doi.org/10.3892/ijo.27.4.981
https://doi.org/10.1034/j.1600-0625.2002.110403.x
https://doi.org/10.3389/fendo.2024.1484524
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Huang et al. 10.3389/fendo.2024.1484524
102. Kir S, White JP, Kleiner S, Kazak L, Cohen P, Baracos VE, et al. Tumour-
derived PTH-related protein triggers adipose tissue browning and cancer cachexia.
Nature. (2014) 513:100–4. doi: 10.1038/nature13528

103. Christoffolete MA, Linardi CC, de Jesus L, Ebina KN, Carvalho SD, Ribeiro
MO, et al. Mice with targeted disruption of the Dio2 gene have cold-induced
overexpression of the uncoupling protein 1 gene but fail to increase brown adipose
tissue lipogenesis and adaptive thermogenesis. Diabetes. (2004) 53:577–84.
doi: 10.2337/diabetes.53.3.577

104. Fliers E, Bianco AC, Langouche L, Boelen A. Thyroid function in critically ill
patients. Lancet Diabetes Endocrinol. (2015) 3:816–25. doi: 10.1016/S2213-8587(15)
00225-9

105. Bargut TC, Aguila MB, Mandarim-de-Lacerda CA. Brown adipose tissue:
Updates in cellular and molecular biology. Tissue Cell. (2016) 48:452–60.
doi: 10.1016/j.tice.2016.08.001

106. Radman M, Portman MA. Thyroid hormone in the pediatric intensive care
unit. J Pediatr Intensive Care. (2016) 5:154–61. doi: 10.1055/s-0036-1583280

107. Dalton A, Shahul S. Cardiac dysfunction in critical illness. Curr Opin
Anaesthesiol. (2018) 31:158–64. doi: 10.1097/ACO.0000000000000572

108. Moro C, Lafontan M. Natriuretic peptides and cGMP signaling control of
energy homeostasis. Am J Physiol Heart Circ Physiol. (2013) 304:H358–68.
doi: 10.1152/ajpheart.00704.2012

109. Bordicchia M, Liu D, Amri EZ, Ailhaud G, Dessì-Fulgheri P, Zhang C, et al.
Cardiac natriuretic peptides act via p38 MAPK to induce the brown fat thermogenic
program in mouse and human adipocytes. J Clin Invest. (2012) 122:1022–36.
doi: 10.1172/JCI59701

110. Dahan T, Nassar S, Yajuk O, Steinberg E, Benny O, Abudi N, et al. Chronic
intermittent hypoxia during sleep causes browning of interscapular adipose tissue
accompanied by local insulin resistance in mice. Int J Mol Sci. (2022) 23(24):15462.
doi: 10.3390/ijms232415462

111. Suetrong B, Walley KR. Lactic acidosis in sepsis: it’s not all anaerobic:
implications for diagnosis and management. Chest. (2016) 149:252–61. doi: 10.1378/
chest.15-1703

112. Jiang S, Lin J, Zhang Q, Liao Y, Lu F, Cai J. The fates of different types of adipose
tissue after transplantation in mice. FASEB J. (2022) 36:e22510. doi: 10.1096/
fj.202200408R

113. Seki T, Hosaka K, Fischer C, Lim S, Andersson P, Abe M, et al. Ablation of
endothelial VEGFR1 improves metabolic dysfunction by inducing adipose tissue
browning. J Exp Med. (2018) 215:611–26. doi: 10.1084/jem.20171012

114. Weekers F, Van den Berghe G. Endocrine modifications and interventions
during critical illness. Proc Nutr Soc. (2004) 63:443–50. doi: 10.1079/PNS2004373
Frontiers in Endocrinology 10
115. Snell JA, Loh NH, Mahambrey T, Shokrollahi K. Clinical review: the critical
care management of the burn patient. Crit Care. (2013) 17:241. doi: 10.1186/cc12706

116. Pingleton SK. Nutrition in chronic critical illness. Clin Chest Med. (2001)
22:149–63. doi: 10.1016/S0272-5231(05)70031-9

117. Hermans AJH, Laarhuis BI, Kouw IWK, van Zanten ARH. Current insights in
ICU nutrition: tailored nutrition. Curr Opin Crit Care. (2023) 29:101–7. doi: 10.1097/
MCC.0000000000001016

118. Mongardon N, Singer M. The evolutionary role of nutrition and metabolic
support in critical illness. Crit Care Clin. (2010) 26:443–50, vii-viii. doi: 10.1016/
j.ccc.2010.04.001

119. De Waele E, Jonckheer J, Wischmeyer PE. Indirect calorimetry in critical
illness: a new standard of care? Curr Opin Crit Care. (2021) 27:334–43. doi: 10.1097/
MCC.0000000000000844

120. Shapiro ML, Komisarow J. The obesity paradox and effects of early nutrition: is
there a paradox, or is there not? Crit Care Med. (2017) 45:918–9. doi: 10.1097/
CCM.0000000000002392

121. Windle EM. Glutamine supplementation in critical illness: evidence,
recommendations, and implications for clinical practice in burn care. J Burn Care
Res. (2006) 27:764–72. doi: 10.1097/01.BCR.0000245417.47510.9C

122. Trager K, DeBacker D, Radermacher P. Metabolic alterations in sepsis and
vasoactive drug-related metabolic effects. Curr Opin Crit Care. (2003) 9:271–8.
doi: 10.1097/00075198-200308000-00004

123. Knuth CM, Auger C, Jeschke MG. Burn-induced hypermetabolism and skeletal
muscle dysfunction. Am J Physiol Cell Physiol. (2021) 321:C58–71. doi: 10.1152/
ajpcell.00106.2021

124. van der Lans AA, Hoeks J, Brans B, Vijgen GH, Visser MG, Vosselman MJ,
et al. Cold acclimation recruits human brown fat and increases nonshivering
thermogenesis. J Clin Invest. (2013) 123:3395–403. doi: 10.1172/JCI68993

125. Mirbolooki MR, Upadhyay SK, Constantinescu CC, Pan ML, Mukherjee J.
Adrenergic pathway activation enhances brown adipose tissue metabolism: a [(1)(8)F]
FDG PET/CT study in mice. Nucl Med Biol. (2014) 41:10–6. doi: 10.1016/
j.nucmedbio.2013.08.009

126. Tolu-Akinnawo OZ, Abiade J, Awosanya T, Okafor HE. Thyrotoxicosis-
induced cardiogenic shock: acute management using a multidisciplinary approach.
Cureus. (2022) 14:e32841. doi: 10.7759/cureus.32841

127. Tanaka T, Narazaki M, Kishimoto T. IL-6 in inflammation, immunity, and disease.
Cold Spring Harb Perspect Biol. (2014) 6:a016295. doi: 10.1101/cshperspect.a016295

128. Kotch C, Barrett D, Teachey DT. Tocilizumab for the treatment of chimeric
antigen receptor T cell-induced cytokine release syndrome. Expert Rev Clin Immunol.
(2019) 15:813–22. doi: 10.1080/1744666X.2019.1629904
frontiersin.org

https://doi.org/10.1038/nature13528
https://doi.org/10.2337/diabetes.53.3.577
https://doi.org/10.1016/S2213-8587(15)00225-9
https://doi.org/10.1016/S2213-8587(15)00225-9
https://doi.org/10.1016/j.tice.2016.08.001
https://doi.org/10.1055/s-0036-1583280
https://doi.org/10.1097/ACO.0000000000000572
https://doi.org/10.1152/ajpheart.00704.2012
https://doi.org/10.1172/JCI59701
https://doi.org/10.3390/ijms232415462
https://doi.org/10.1378/chest.15-1703
https://doi.org/10.1378/chest.15-1703
https://doi.org/10.1096/fj.202200408R
https://doi.org/10.1096/fj.202200408R
https://doi.org/10.1084/jem.20171012
https://doi.org/10.1079/PNS2004373
https://doi.org/10.1186/cc12706
https://doi.org/10.1016/S0272-5231(05)70031-9
https://doi.org/10.1097/MCC.0000000000001016
https://doi.org/10.1097/MCC.0000000000001016
https://doi.org/10.1016/j.ccc.2010.04.001
https://doi.org/10.1016/j.ccc.2010.04.001
https://doi.org/10.1097/MCC.0000000000000844
https://doi.org/10.1097/MCC.0000000000000844
https://doi.org/10.1097/CCM.0000000000002392
https://doi.org/10.1097/CCM.0000000000002392
https://doi.org/10.1097/01.BCR.0000245417.47510.9C
https://doi.org/10.1097/00075198-200308000-00004
https://doi.org/10.1152/ajpcell.00106.2021
https://doi.org/10.1152/ajpcell.00106.2021
https://doi.org/10.1172/JCI68993
https://doi.org/10.1016/j.nucmedbio.2013.08.009
https://doi.org/10.1016/j.nucmedbio.2013.08.009
https://doi.org/10.7759/cureus.32841
https://doi.org/10.1101/cshperspect.a016295
https://doi.org/10.1080/1744666X.2019.1629904
https://doi.org/10.3389/fendo.2024.1484524
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Hyperactive browning and hypermetabolism: potentially dangerous element in critical illness
	Introduction
	Browning of WAT in critical illness
	Hazards of WAT browning in critical illness
	Possible mechanisms of WAT browning in critical illness
	Potential therapeutic significance of WAT browning in critical illness
	Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


