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Abstract 
Severe burn injuries are defined by a prolonged hypermetabolic response characterized by increases in resting energy expendi-
ture, systemic catabolism, and multi-organ dysfunction. The sustained elevation of catecholamines following a burn injury 
is thought to significantly contribute to this hypermetabolic response, leading to changes in adipose tissue such as increased 
lipolysis and the browning of subcutaneous white adipose tissue (WAT). Failure to mitigate these adverse changes within 
the adipose tissue has been shown to exacerbate the post-burn hypermetabolic response and lead to negative outcomes. 
Propranolol, a non-selective β-blocker, has been clinically administered to improve outcomes of pediatric and adult burn 
patients, but there is inadequate knowledge of its effects on the distinct adipose tissue depots. In this study, we investigated 
the adipose depot-specific alterations that occur in response to burn injury. Moreover, we explored the therapeutic effects of 
β-adrenoceptor blockade via the drug propranolol in attenuating these burn-induced pathophysiological changes within the 
different fat depots. Using a murine model of thermal injury, we show that burn injury induces endoplasmic reticulum (ER) 
stress in the epididymal (eWAT) but not in the inguinal (iWAT) WAT depot. Conversely, burn injury induces the activation 
of key lipolytic pathways in both eWAT and iWAT depots. Treatment of burn mice with propranolol effectively mitigated 
adverse burn-induced alterations in the adipose by alleviating ER stress in the eWAT and reducing lipolysis in both depots. 
Furthermore, propranolol treatment in post-burn mice attenuated UCP1-mediated subcutaneous WAT browning following 
injury. Overall, our findings suggest that propranolol serves as an effective therapeutic intervention to mitigate the adverse 
changes induced by burn injury, including ER stress, lipotoxicity, and WAT browning, in both adipose tissue depots.

Key messages  •	 Burn injury adversely affects adipose tissue metabolism via distinct changes in both visceral and subcu-
taneous adipose depots.

•	 Propranolol, a non-selective β-adrenergic blocker, attenuates many of the adverse adipose tissue changes mediated by 
burn injury.
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Introduction

According to the WHO, every year, approximately 11 
million individuals sustain burn injuries, resulting in an 
estimated 180,000 deaths globally [1]. The high morbid-
ity and mortality in these patients are largely driven by a 
persistent hypermetabolic stress response that is character-
ized by insulin resistance, increased lipid catabolism, and 
multi-organ dysfunction [2]. Following a burn injury, the 
hypermetabolic response is triggered to restore homeosta-
sis and “survive the initial insult” by mobilizing energy 
reserves to meet increased energy demands necessary for 
maintaining organ function and supporting skin regenera-
tion [2]. Unfortunately, this survival response becomes 
dysregulated in both duration and magnitude, going well 
beyond the needs of the patient, often persisting for years 
after the initial trauma [3].

In fact, immunological and metabolic profiling of blood 
from burn patients has revealed a 40-fold increase in cat-
echolamines (CAs) following a burn injury [2]. Moreover, 
urinary epinephrine and norepinephrine are also elevated 
for months following a severe burn (> 30% total body 
surface area (TBSA) in adults) [2]. This heightened and 
persistent increase in CAs has been implicated as a major 
driver of several facets of the post-burn hypermetabolic 
response, especially within the adipose tissue [4]. Indeed, 
the release of CAs has been demonstrated to promote the 
browning of white adipose tissue (WAT) and the expres-
sion of uncoupling protein 1 (UCP1), which aids in dis-
sipating excess energy as heat [4, 5]. WAT browning acti-
vation in burn patients has been implicated as a potential 
driver of post-burn hypermetabolism and has been associ-
ated with insulin resistance (IR), muscle catabolism, and 
hepatic steatosis [6–8]. CAs have also been found to acti-
vate β-adrenergic receptors expressed in adipocytes, lead-
ing to the stimulation of downstream targets that promote 
increased lipolysis, mitochondrial biogenesis, endoplas-
mic reticulum (ER) stress, and resting energy expenditure 
(REE) [9]. To that end, it has been suggested that inhib-
iting β-adrenergic signaling in burn patients could sig-
nificantly reduce post-burn metabolic changes in adipose 
tissue and the associated adverse hypermetabolic response, 
thereby improving outcomes.

Indeed, propranolol, a non-selective β-adrenergic recep-
tor (β-AR) antagonist, has been widely used clinically in 
burn patients and trauma patients to reduce cardiac work 
and stress. In fact, propranolol has been shown to be safe 
and effective in reducing REE, accelerating wound clo-
sure, and improving cardiac function in burn patients [10]. 
Despite its well-documented clinical effects, however, 
there are few studies that provide mechanistic insights into 
the effect of propranolol on adipose tissue metabolism, 

particularly in the context of burn and trauma patients. An 
additional challenge is that the limited studies exploring 
the effects of propranolol on adipose tissue have solely 
examined its impact on subcutaneous WAT, generaliz-
ing the findings to all adipose tissue in the body. This is 
problematic as the adipose tissue is not a homogenous 
organ but contains distinct depots. Indeed, adipose tissue 
can be classified as subcutaneous, found just below the 
dermal layer, such as inguinal WAT (iWAT), or visceral, 
located deep within the body and surrounding the organs, 
like epididymal WAT (eWAT) [11]. Regrettably, studies 
examining the specific responses of distinct adipose depots 
(subcutaneous vs. visceral) to burn trauma are largely 
lacking, and whether a similar pathological significance 
exists for visceral and/or subcutaneous adipose tissue in 
burn patients is yet to be determined.

The current study addressed the question of whether the 
distinct adipose tissue depots respond differently to ther-
mal trauma. Based on recent studies in the field of obesity 
demonstrating a greater impact of visceral fat compared 
to subcutaneous fat on adverse patient outcomes [12], we 
hypothesized that different fat depots would exhibit signifi-
cant differences in their response to burn trauma. Moreo-
ver, we explored the therapeutic effects of β-adrenoceptor 
blockade via the clinically approved drug propranolol in 
attenuating the burn-induced pathological changes within 
the different adipose tissue depots. Namely, we assessed 
the effects of propranolol on three hallmarks of the post-
burn hypermetabolic response: (1) ER stress, (2) lipolysis, 
and (3) WAT browning. These effects were tested in both 
iWAT and eWAT of mice subjected to a full-thickness burn 
injury.

Materials and methods

Animals

Male wild-type C57BL/6  J (WT) mice (6  weeks old, 
weighting an average of 24.0 g ± 1.0) were purchased 
from Jackson Laboratories (stock no. 000664, Bar Harbor, 
Maine) and housed at ambient temperatures of approxi-
mately 23–24 °C. Mice were cared for in accordance with 
the Guide for the Care and Use of Laboratory Animals 
(National Academies Press, 2011). After arrival, mice 
were acclimated to our facility for 2 weeks before the 
commencement of the experiments. By the date of the 
experiments, the mice were 8 weeks old and weighted 
the following (sham group, 25.08 g; burn group, 25.31; 
and burn + prop group, 25.48). Mice were then ran-
domly assigned to the three main groups (sham, burn, 
burn + propranolol).
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Mouse thermal injury model

We used a previously well-characterized rodent burn 
injury model [13]. Mice received a 30% TBSA full-thick-
ness burn. We inflicted the burn using a 3 cm × 4 cm (12 
cm2) mold, covering approximately 15% of the surface 
area of a 24-g mouse (75.8 cm2). A full-thickness third-
degree dorsal scald burn encompassing 15% TBSA and a 
15% wound on the ventral surface was induced by immers-
ing the dorsum of the mice in 98 °C water for 10 s and the 
ventral region for 2 s. All mice were anesthetized with 
2.5% isoflurane and shaved along the dorsal spine region 
prior to the injury. Ringer’s lactate (2–3 mL) was injected 
subcutaneously in all treatment mice to protect the spine, 
and buprenorphine (0.05–0.1 mg/kg body weight) was 
injected before and after the burn injury, when necessary, 
as required for pain management. Mice were subsequently 
housed individually in sterile cages and fed ad libitum 
until sacrifice. Sham (control) mice underwent identical 
experimental procedures, with the exception of the burn 
injury group. Adipose tissue (inguinal, epididymal) and 
plasma were collected upon sacrifice and stored at − 80 
°C until analysis.

Drug treatment

Propranolol hydrochloride was acquired from Cayman 
Chemicals and dissolved in sterile ddH2O. After 24 h 
following the thermal injury, propranolol was intraperi-
toneally administered at a daily dose of 10 mg/kg for a 
total of 5 days. Sham (control) mice underwent identical 
experimental procedures, with the exclusion of the ther-
mal injury, and were given the same treatment. Tissue and 
blood were collected 6 days post-burn injury (24 h after 
the last treatment).

Western blot

Adipose tissues (eWAT and iWAT) were lysed in RIPA 
buffer (50 mM Tris–HCl pH 7.5, 150 mM NaCl, 1% Ige-
pal, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM NaF 
and protease inhibitors) using tissue beater. Total protein 
was separated on SDS-PAGE gels, transferred to nitrocel-
lulose membrane, and incubated with primary antibod-
ies directed against the following proteins acquired from 
Cell Signaling: p-eIF2α (Cat. 9721S), JNK (Cat. 3708S), 
p-HSL ser660 (Cat. 45804S), and HSL (Cat. 8457S). 
Additionally, c-ATF6 (Cat. PA520215) was procured 
from Thermo Fisher. The nitrocellulose membranes were 
then imaged with the use of an enhanced chemilumines-
cence (ECL) substrate (Bio-Rad) and the ChemiDoc™ MP 

System (Bio-Rad). Finally, the membranes were analyzed 
using the ImageJ software to quantify band intensity and 
calculate the absorbance ratio relative to a housekeeping 
internal control protein.

Histology and immunohistochemistry

Excised adipose tissue was immediately placed in formalin 
and kept for 24 h prior to transfer to a 70% ethanol solu-
tion. Tissues were then paraffinized and sectioned in 5 µm 
lengths. These sections were stained with either hematoxylin 
and eosin (H&E) or incubated with UCP1 antibody (Sigma) 
prior to DAB staining.

Quantitative PCR

Total RNA isolated from adipose tissues was analyzed by 
quantitative RT-PCR. Briefly, RNA was isolated from tis-
sues using TRIzol-chloroform (Life Technologies) with sub-
sequent purification using the RNeasy Kit (Qiagen) accord-
ing to the manufacturer’s instructions. RNA (2 µg) was 
transcribed to cDNA using the high-capacity cDNA reverse 
transcription kit (Applied Biosystems). Real-time quantita-
tive PCR was performed using the Applied Biosystems Step 
One Plus Real-Time PCR System. The primer sequences 
used are available upon request.

Respiration assays

Oxygen consumption rates were measured in freshly excised 
adipose tissues (inguinal adipose depots). Tissues were 
minced in mitochondrial isolation buffer (MHSE + BSA; 
210 mM mannitol, 70 mM sucrose, 5 mM HEPES, 1 mM 
EGTA, 0.5% (w/v) fatty acid–free BSA, pH 7.2). The tissue 
was then homogenized using a Teflon glass homogenizer. 
Mitochondria were isolated via differential centrifugation. 
Briefly, the homogenate was centrifuged at 600 g for 10 
min, and the supernatant was decanted into a new tube. This 
fraction was centrifuged at 9000 g for 10 min to obtain a 
mitochondrial pellet, which was subsequently resuspended 
in 50 µL MHSE + BSA. BCA assays (Thermo Scientific) 
were performed to gauge protein concentrations. Mitochon-
drial bioenergetics were assessed using a Seahorse XF96 
analyzer (Agilent Technologies). Mitochondrial respiration 
in a coupled state (10 µg/well) was measured in mitochon-
drial assay solution (220 mM mannitol, 70 mM sucrose, 10 
mM KH2PO4, 5 mM MgCl2, 2 mM HEPES, 1 mM EGTA, 
and 0.2% (w/v) fatty acid–free BSA, pH 7.2, at 37 °C) con-
taining succinate as a substrate (10 mM) and rotenone (2 
µM) (complex II-driven respiration). State 3 respiration 
(phosphorylating respiration) was triggered via the injec-
tion of a cocktail containing 4 mM ADP along with 10 mM 
pyruvate, 2.5 mM glutamate, and 2.5 mM malate. State 4 



1248	 Journal of Molecular Medicine (2024) 102:1245–1254

respiration was assessed by the addition of 2.5 µg/mL oligo-
mycin, while maximal uncoupler-stimulated respiration was 
observed following the injection of 4 µM carbonyl cyanide 
4-(trifluoromethoxy)phenylhydrazone (FCCP). Antimycin A 
(4 µM), a complex III inhibitor, was added at the end of the 
experiment to inhibit mitochondrial respiration. Mitochon-
dria from at least four mice were included in each Seahorse 
analysis, and every sample was analyzed in triplicate. The 
Seahorse XF Wave software was used to group the respi-
ration data from separate mice into a single representative 
curve, and data was normalized to mitochondrial protein 
content.

Lipid quantification

Plasma free fatty acid (FFA) levels were measured with the 
FFA Quantification kit from Abcam (#65341). Blood was 
extracted from mice during sacrifice and centrifuged with 
EDTA at 3000 rpm for 10 min. Plasma was separated, and 
levels of FFA were measured according to the manufactur-
er’s instructions.

Statistical analyses

All data are presented as the mean ± SEM. All graphs were 
created and analyzed statistically using GraphPad Prism 6.0 
(San Diego, CA) or Microsoft Excel. Statistical differences 
between groups were evaluated using a Student’s t-test or 
one-way analysis of variance (ANOVA) followed by Sidak’s 
post-hoc tests for multiple comparisons, where appropriate, 
with significance accepted at p < 0.05 (*). Individuals per-
forming the statistical analysis as well as the main investiga-
tor were both blinded as to the intervention and treatment 
groups.

Results

Propranolol administration improves burn‑induced 
ER stress in the eWAT adipose depot

Within the hierarchy of pathways altered during the 
hypermetabolic response to burn injury is the ER, a 
key site for maintaining the function and integrity of 
cellular homeostasis in response to stress [14]. Indeed, 
the ER stress response was recently proposed to be one 
of the critical signaling pathways mediating the cata-
strophic consequences of altered adipose tissue metabo-
lism, such as inflammation, lipolysis, and IR following a 
burn injury [4]. We have also previously shown that CAs 
induce ER stress within the adipose tissue via stimula-
tion of β-adrenergic receptors [9]. Thus, we first investi-
gated the effect of both a burn injury and treatment with 

propranolol, a non-specific β-AR antagonist, on ER stress 
in different adipose tissue depots using a well-estab-
lished murine model of thermal injury. As illustrated in 
Fig. 1A–C, we found that key ER stress markers such as 
cleaved-ATF6 (p < 0.01), p-eIF2α (p < 0.01), and p-JNK 
(p < 0.05) were activated in the eWAT depot of burn mice. 
Interestingly, the eWAT of mice treated with proprano-
lol showed reduced levels of cleaved-ATF6 (p < 0.01), 
p-eIF2α (p < 0.05), and p-JNK (p < 0.01) compared to 
non-treated burned mice. Notably, analysis of the iWAT 
depot revealed that the levels of ER stress markers such 
as cleaved-ATF6, p-eIF2 α, and p-JNK were unaffected by 
burn injury or administration of propranolol (Fig. 2A–C). 
These results suggest that the ER stress response mediated 
by a burn injury is likely adipose tissue depot-specific and 
that propranolol treatment restores ER integrity only in the 
eWAT adipose depot following a burn injury.

Propranolol administration reduces lipolysis 
in both eWAT and iWAT adipose depots

Our work and other previous studies have shown that ER 
stress can trigger lipolysis within adipocytes, and if left 
unmitigated, this significant efflux of lipids can facili-
tate adverse complications like metabolic syndrome and 
hepatic steatosis [8, 9]. Therefore, we hypothesized that 
the inhibition of burn-induced catecholamine release via 
propranolol could also alleviate lipolysis within both adi-
pose tissue depots. To confirm that lipolysis was increased 
in the burn group and attenuated in the propranolol group, 
we examined the activation of hormone-sensitive lipase 
(HSL Ser660) and adipose triglyceride lipase (ATGL), 
two canonical regulators of lipolysis at the cellular level 
[15]. In eWAT, we found that both ATGL (p < 0.05) and 
HSL (p < 0.05) were activated after burn injury and that 
propranolol treatment inhibited their activity post-burn 
(ATGL p < 0.001; HSL p < 0.05) (Fig. 3A, B). This cellular 
effect on the lipolysis pathway by propranolol was further 
confirmed via histological examination of eWAT adipose 
tissue sections. At the macroscopic level, examination of 
lipid droplet size via H&E staining showed that the burn 
group had smaller lipid droplets (p < 0.001) compared to 
the controls, indicating increased lipolysis, whereas the 
propranolol treatment mice showed larger lipid droplets 
(p < 0.001) indicating reduced lipolysis in eWAT adipose 
tissue depots of post-burn mice (Fig. 3C).

We next looked at the iWAT depot to see if there were 
any inter-organ differences in the effect of propranolol treat-
ment on lipolysis. We found a comparable pattern of increased 
phosphorylation of HSL (p < 0.05) and activation of ATGL 
(p < 0.05) in the iWAT depot of post-burn mice that was atten-
uated upon propranolol administration (p < 0.05) (Fig. 4A, 
B). Histological examination of the iWAT depot also showed 
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reduced lipid droplet sizes in the burn group, indicative of 
an increased lipolytic response (p < 0.001). In contrast, burn 
mice treated with propranolol showed larger lipid droplets, 
suggesting post-burn treatment effectively reduced lipolysis 
in this depot (p < 0.05) (Fig. 4C). Together, these findings 
suggest that, at both the cellular and organ level, propranolol 
attenuates lipolysis and potentially the circulation of detri-
mental FFAs that emanate from both adipose tissue depots 
following a burn injury.

Propranolol administration reduces 
β‑adrenergic‑stimulated browning 
and mitochondrial activity of iWAT​

It was recently discovered that burn injury also induces WAT 
browning, a process in which white adipocytes become beige 
adipocytes and adopt brown-like features (i.e., increased 
mitochondrial content and UCP1 expression) [7, 16]. This 
phenotypic switch, driven mainly by catecholamines, has 

Fig. 1   Propranolol decreases burn-induced endoplasmic reticulum 
stress in epididymal white adipose tissue. A Representative Western 
blot for cleaved-ATF6 and corresponding densitometry quantification. 
B Representative Western blot for phospho-eIF2α and correspond-
ing densitometry quantification. C Representative Western blot for 

phospho-JNK and corresponding densitometry quantification. Con-
trol (n = 4); burn (n = 6); burn + propranolol treatment (n = 6). Val-
ues are represented as mean ± standard error. *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001
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been implicated in causing IR, muscle catabolism, hepatic 
steatosis, and, most importantly, increased mortality in burn 
patients [6, 8]. Therefore, we next sought to see whether the 
pharmacological blockade of catecholamine signaling via 
propranolol would also inhibit burn-induced WAT brown-
ing. Having previously shown that only the iWAT adipose 
depot undergoes browning post-burn injury, we investigated 
the therapeutic effects of propranolol, focusing on the iWAT 
depot. Consistent with previous reports, our analysis showed 
that mRNA expression of the key WAT browning marker, 

UCP1, was significantly increased in the iWAT of post-burn 
mice (p < 0.05). Interestingly, propranolol-treated post-burn 
mice showed significantly decreased UCP1 mRNA expression 
compared to non-treated counterparts (p < 0.05) (Fig. 5A). In 
corroboration of our gene expression findings, UCP1 pro-
tein expression was also markedly decreased in propranolol-
treated mice relative to the non-treated burn group (Fig. 5B).

Having established that propranolol effectively attenu-
ated the adverse WAT browning response in burn mice, we 
next wanted to determine whether this drug’s protective 

Fig. 2   Burn injury does not induce endoplasmic reticulum stress 
in inguinal white adipose tissue. A Representative Western blot for 
cleaved-ATF6 and corresponding densitometry quantification. B Rep-
resentative Western blot for phospho-eIF2α and corresponding den-

sitometry quantification. C Representative Western blot for phospho-
JNK and corresponding densitometry quantification. Control (n = 4); 
burn (n = 5); burn + propranolol treatment (n = 6). Values are repre-
sented as mean ± standard error. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001
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effects extended to the mitochondria, a key organelle impli-
cated in mediating the post-burn hypermetabolic response. 
To that effect, iWAT was collected following euthanasia 

and immediately homogenized for assays of mitochondrial 
activity via Seahorse XF96 flux assays. Consistent with 
previous reports, post-burn mice showed an increased 

Fig. 3   Propranolol treatment attenuates burn-induced lipolysis 
in epididymal white adipose tissue. A, B Representative Western 
blot for ATGL and phospho-HSL (Ser 660) and their correspond-
ing densitometry quantification. C H&E staining of eWAT collected 

from control, burn, and burn mice treated with propranolol and cor-
responding quantification. Control (n = 5); burn (n = 6); burn + pro-
pranolol treatment (n = 6). Values are represented as mean ± standard 
error. *p ≤ 0.05, **p ≤ 0.01

Fig. 4   Propranolol treatment attenuates burn-induced lipolysis in 
inguinal white adipose tissue. A, B Representative Western blot for 
ATGL and phospho-HSL (Ser 660) and corresponding densitometry 
quantification. C H&E staining of iWAT collected from control, burn, 

and burn mice treated with propranolol and corresponding quantifi-
cation. Control (n = 5); burn (n = 6); burn + propranolol treatment 
(n = 6). Values are represented as mean ± standard error. *p ≤ 0.05, 
**p ≤ 0.01
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mitochondrial oxygen consumption rate (OCR) at all 
states (Fig. 5C, D). Remarkably, propranolol reduced the 
hypermetabolic phenotype of mitochondria after injury, 
reflected by the reduction in respiration profiles relative to 
untreated mice at 7 days post-burn (p < 0.05). Additionally, 
propranolol treatment significantly improved the coupling 
efficiency of mitochondria to ATP production relative to 
the burn group alone (p < 0.05) (Fig. 5E). Moreover, pro-
pranolol treatment significantly attenuated burn-induced 
state 3 mitochondrial respiration relative to the burn group 
(p < 0.05) (Fig. 5F, G). Together, these findings confirm 
that propranolol both decreases burn-induced WAT remod-
eling and restores mitochondrial respiration.

Discussion

Recent evidence suggests that the adipose tissue is much 
more than a passive storage organ. Indeed, adipose tis-
sue is a highly metabolically active organ that controls 
systemic metabolism by secreting various adipokines, 

releasing FFAs, and undergoing processes such as brown-
ing [17]. What is even more intriguing are recent discov-
eries suggesting potentially distinct functions for various 
WAT depots throughout the body [18]. These functional 
differences are present post-differentiation but likely stem 
prior to the maturation of these adipocytes, as microarrays 
have shown different expression values for development-
related genes in addition to functional ones [19]. These 
inherited functional differences between adipose depots 
are also evident in their responses to stress, suggesting 
that each fat depot may react uniquely to trauma insults. 
We investigated whether this could be the scenario follow-
ing burn injuries, as the role of the adipose tissue in the 
context of burn trauma has been largely neglected until 
the recent discovery of WAT browning [7, 16]. Further-
more, studies examining fat in the context of burn-induced 
hypermetabolism have only concentrated on subcutaneous 
fat, largely overlooking other fat depots, including vis-
ceral fat. Therefore, in this paper, we sought to character-
ize some of the hallmark responses to burn trauma of both 
subcutaneous (iWAT) and visceral (eWAT) adipose depots 

Fig. 5   Propranolol decreases UCP1-mediated uncoupling in ingui-
nal white adipose tissue post-burn injury. A mRNA expression and 
B immunohistochemistry protein staining of key browning gene in 
iWAT collected from control, burn, and burn mice treated with pro-
pranolol. C Mitochondrial oxygen consumption rate in iWAT col-
lected from control, burn, and burn mice treated with propranolol. 
D, E Basal mitochondrial respiration rate and mitochondrial cou-

pling efficiency in iWAT collected from control, burn, and burn mice 
treated with propranolol. F, G State 3 and state 3u mitochondrial res-
piration rates in iWAT collected from control, burn, and burn mice 
treated with propranolol. Control (n = 4); burn (n = 4); burn + pro-
pranolol treatment (n = 4). Values are represented as mean ± standard 
error. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001
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using a murine model of burn injury. We thus delved into 
the characterization of the two largest depots in our mouse 
model by measuring some of the hallmarks of burn injury, 
including ER stress, browning, and lipolysis. Furthermore, 
we also assessed the therapeutic potential of propranolol 
in mitigating many of the adverse adipose changes that 
occur after burn.

We first examined ER stress, which, to our knowledge, 
has not previously been examined, within the different adi-
pose depots following a burn injury. ER stress is the accumu-
lation of mis- and unfolded proteins within the cell, which 
occur in response to stressors. Interestingly, we found dis-
tinct ER stress responses in the two adipose depots, with 
only the eWAT adipose depot experiencing burn-induced 
ER stress activation. Mechanistically, these differences 
in ER stress responses between the iWAT (subcutaneous) 
and eWAT (visceral) depots may be attributed to various 
factors. These include the eWAT depot’s higher expres-
sion of β-adrenergic receptors, greater innervation by the 
sympathetic nervous system, and increased susceptibility to 
immune cell infiltration and inflammatory cytokines. These 
factors collectively create an environment more favorable for 
heightened ER stress responses [20, 21].

Unmitigated ER stress within adipocytes has been shown 
to stimulate the induction of lipolysis and disrupt glucose 
homeostasis [22, 23]. We found increased activation of 
ATGL and HSL, two mammalian lipases responsible for 
up to 80% of lipolysis, in both adipose depots [15]. This 
activation of the signaling pathways involved in lipolysis 
was confirmed systemically by increased serum FFA levels 
in post-burn mice. Although we believe that ER stress was 
the main mediator in the activation of lipolysis in the eWAT 
adipose depot, this was likely not the case for iWAT. It is 
likely that the lipolysis pathways activated in the iWAT were 
a result of WAT browning rather than ER stress.

Outside of ER stress, another key response of the adipose 
tissue to burn trauma is the phenomenon known as WAT 
browning. WAT browning entails the remodeling of adipo-
cytes within WAT depots to acquire properties of brown 
adipocytes, i.e., an increase in mitochondrial content and 
oxidative capacity to facilitate energy expenditure [24]. 
Indeed, browning has been observed in subcutaneous WAT 
of burn patients and cancer patients, two conditions that are 
characterized by hypermetabolism, large increases in resting 
energy expenditure and whole-body catabolism [7, 16, 25]. 
Consistent with previously published data by us and others, 
key WAT browning markers were expressed in iWAT (sub-
cutaneous) of post-burn mice.

The last aspects of our studies were focused on identify-
ing if propranolol, a non-selective β-adrenergic antagonist, 
has been widely used clinically in burn patients to diminish 
many of the adverse adipose responses to burn injury [26]. 
Interestingly, we found that propranolol administration in 

post-burn mice significantly reduced ER stress in eWAT 
(visceral) and lipolysis in both adipose depots (eWAT and 
iWAT). Additionally, propranolol treatment attenuated 
iWAT (subcutaneous) browning in post-burn mice. Our pro-
pranolol findings are in line with studies that have shown 
that WAT browning is largely driven by β-adrenergic recep-
tor activation and likely explains how this drug attenuated 
burn-induced WAT browning [27]. Thus, identifying the 
therapeutic effects of propranolol treatment on both adipose 
depots is important, as it supports the use of this drug as an 
effective addition to our drug therapy toolset used in treating 
burn-induced hypermetabolism.

In this study, we report for the first time that propranolol 
impacts key pathways involved in mediating the post-burn 
hypermetabolic stress response, including adipose brown-
ing, lipolysis, and ER stress, thus elucidating its clinical 
efficacy in improving outcomes after injury. A significant 
limitation of our work is the exclusive use of male mice. 
While the impact of sex differences on outcomes after burn 
injury remains largely unexplored, conducting future studies 
with female mice will help determine whether the influence 
of propranolol on post-burn adipose dysfunction displays 
sexual dimorphism. Additionally, while our study provides 
valuable insights into the effects of burn injury and propran-
olol treatment on adipose tissue, it may benefit from a larger 
sample size to further validate these findings. However, the 
robustness of our results and the consistency of the observed 
effects across adipose tissue depots suggest that our study 
provides a solid foundation for future research in this area.

Conclusion

In summary, our findings demonstrate that burn results 
in many changes to adipose tissue as a whole, including 
ER stress, lipolysis, and remodeling to adipose browning. 
We also provided evidence that propranolol, a clinically 
approved drug for use in burn patients, can attenuate sev-
eral of the pathological adipose alterations in both depots 
induced by burn.
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