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Abstract

Severe burn causes a pronounced hypermetabolic response characterized by catabolism and 

extensive protein wasting. We recently found that this hypermetabolic state is driven by a severe 

inflammatory response. We characterized in detail the kinetics of serum levels of a panel of 

cytokines in a rat model, which may serve as reference for the development of therapeutic 

interventions applicable to humans. Male Sprague-Dawley rats (n = 8) received a full-thickness 

burn of 60% total body surface area. Serum was harvested 1, 3, 6, 12, 24, 48, 96, and 168 h after 

burn. Eight serum cytokines commonly used to assess the inflammatory response in humans, such 

as IL-1β, IL-6, IL-10, TNF, vascular endothelial growth factor, and monocyte chemotactic protein 

1, and the rat-specific cytokines cytokine-induced neutrophil chemoattractant (CINC) 1, CINC-2, 

and CINC-3 were measured by enzyme-linked immunosorbent assay technique and were 

compared with controls (n = 4). Statistical analysis was conducted using the t test, with P < 0.05 

considered as significantly different. Thermal injury resulted in significantly increased serum 

levels of IL-1β, IL-6, IL-10, monocyte chemotactic protein 1, CINC-1, CINC-2, and CINC-3 

when compared with the concentrations detected in nonburned rats (P < 0.05). Serum levels of 

TNF-α and vascular endothelial growth factor in burned rats were not found to be significantly 

different to controls. Burn causes a profound inflammatory response in rats. Specific cytokines 

known to increase in humans postburn such as IL-1 β, IL-6, IL-10, MCP-1, and IL-8 (CINC-1, 

CINC-2, and CINC-3 in the rat) were also observed in our rat burn model, which now allows us to 

study new anti-inflammatory treatment options.
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INTRODUCTION

The trauma of severe burn injury induces a distinct systemic inflammatory response that has 

been well described in human subjects. Cytokines are the primary mediators of this 

inflammatory reaction to injury (1). They constitute a group of proteins with autocrine and 

endocrine activities that provide communication among different types of cells, including 

those that mediate immune functions, angiogenesis, cell proliferation, and apoptosis. Active 

in minute quantities, cytokines regulate homeostasis and cellular repair through effects on 

cell growth and differentiation via receptor activation. Various cytokines such as IL-1, IL-6, 

and TNF have been used as markers of the severity of burn injury (2–4). Recently, we 

showed in a pediatric cohort that 16 of 17 measured cytokines were significantly elevated 

throughout the first week after burn when compared with healthy children (5). It is also 

known that increased proinflammatory cytokine synthesis posttrauma leads to 

hypermetabolism and catabolism (6, 7). As a consequence, the structure and function of 

essential tissues such as muscle, skin, heart, immune system, and liver are compromised and 

contribute to multiorgan failure and mortality (2, 8–10). Because changes in cytokine levels 

occur before alterations in metabolism, it may be possible to modulate the hypermetabolic 

response postburn by exogenously modulating cytokine expression levels. Animal models 

are a valuable tool to assess whether such a manipulation of the expression profile of 

cytokines postinjury might represent a viable alternative for the management of 

hypermetabolism and catabolism. Thus, it is imperative to determine whether the animals 

used display a similar inflammatory response postburn to that of humans (5).

A broad variety of animal models are used to mimic trauma (11). Although models have 

been developed in rats, dogs, pigs, and primates, rodents are particularly attractive because 

of the availability of genetically homogeneous individuals, low cost, and ease of handling 

(11). Importantly, rodents are known to respond to trauma with the secretion of various 

proinflammatory and anti-inflammatory cytokines. Rodents lack a homolog of human IL-8 

(12), but they express a recently characterized cytokine with similar properties and functions 

termed cytokine-induced neutrophil chemoattractant (CINC) (13). These rat CINCs were 

grouped into four isoforms (CINC-1, CINC-2α, CINC-2β, and CINC-3) and have been 

identified as potent chemotactic factors belonging to the IL-8 family (14), acting as 

proinflammatory agents for cytokines such as IL-1 and TNF-α (15).

Here, we studied the kinetics of alterations in the serum cytokine profiles of a rat burn model 

immediately postburn and throughout a period of 7 days. Evaluation of the expression 

patterns of the cytokines studied here, which included the CINCs, allowed us to examine 

whether the rat burn model is adequate for the investigation of novel therapeutic strategies to 

decrease hypermetabolism and catabolism in human patients.

MATERIALS AND METHODS

All animal manipulations were approved by the Institutional Animal Care and Use 

Committee of the University of Texas Medical Branch at Galveston. The National Institutes 

of Health’s Guidelines for the Care and Use of Experimental Animals were met.
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Burn injury

A well-established method was used to induce a full-thickness scald burn in our model (16). 

Sprague-Dawley rats weighing 325 to 350 g were allowed to acclimate for 1 week before 

experiments. Rats were housed in an institutional animal care facility and received a high-

protein diet (Ensure) and water ad libitum throughout the study. Ensure was administered 7 

days before the study to adjust the animals to the liquid diet. Animals were anesthetized with 

general anesthesia (40 mg/kg body weight ketamine and 5 mg/kg body weight xylazine, 

both i.p.) and received analgesia (0.05 mg/kg body weight buprenorphine, s.c.). The dorsum 

of the trunk and the abdomen were shaved, and a 60% total body surface area burn was 

administered by placing the animals in a mold exposing defined areas of the skin of the back 

and abdomen under general anesthesia and analgesia. The mold was placed in 96°C to 98°C 

water, scalding the back for 10 s and the abdomen for 2 s. This method delivers a full-

thickness cutaneous burn as confirmed by histologic section. Lactated Ringer solution (40 

mL/kg body weight, i.p.) was administered immediately after the burn for resuscitation. 

After burn and resuscitation, animals were observed, received oxygen, and were then placed 

into cages. Unburned (sham) animals received the same treatment except for the scald burn.

Cytokine determinations

Animals were euthanized by decapitation without anesthesia 1, 3, 6, 12, 24, 48, 96, and 168 

h after burn injury or sham procedures. Blood was collected immediately after decapitation 

and stored on ice until serum preparation. Serum was separated by centrifugation at 4,500 

rpm for 3 min at 4°C and stored at −80°C until analyzed. The levels of IL-1α, IL-6, IL-10, 

TNF-β, vascular endothelial growth factor (VEGF), CINC-1, CINC-2, CINC-3, and 

monocyte chemotactic protein (MCP) 1 were determined by double-sandwich, enzyme-

linked immunosorbent assays (R&D Systems Inc., Minneapolis, Minn) according to the 

protocol of the manufacturer. Each serum cytokine was determined by optical density, which 

was measured in a microplate reader (TECAN Austria GmbH, Grodig, Austria) set to 450 

nm wave length.

Statistical analysis

Results are presented as mean ± SEM (n = 8 rats per burn group and n = 4 rats per sham 

group at each time point). The data were analyzed using t test or Mann-Whitney rank sum 

test. Differences were considered significant at a P value less than 0.05.

RESULTS

No mortality occurred within the groups during the experiment. To determine whether the 

observed alterations in the levels of the cytokines measured resulted in a hypermetabolic 

state in the rat, we measured total body weight of the animals in our experimental and 

control groups (Table 1). We found that burn led to a significant reduction in weight during 

the duration of our study: burned animals underwent a weight reduction of approximately 

10% of their original weight, whereas control animals basically maintained their original 

body weight.
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During the 168-h study period, significant increases were found in the serum levels of 

certain cytokines. Thermal injury resulted in augmented serum CINC-1 and CINC-2 

concentrations up to 24- and 16-fold, respectively, as well as IL-6 and MCP-1 levels up to 5- 

and 10-fold, respectively, over control values. IL-1β, CINC-3, and IL-10 were also found to 

be significantly increased after burn when compared with the concentrations detected in 

nonburned rats. Serum levels of TNF-α and VEGF in burned rats were not significantly 

different in nonburned rats.

IL-1β showed a significant increase 3 h postburn injury. These levels peaked at 12 h, 

remained significantly elevated for up to 48 h, and then rapidly decreased to basal levels at 

96 and 168 h (Fig. 1A).

The concentrations of IL-6 increased immediately after burn injury. However, IL-6 levels 

peaked at 6 h and then gradually decreased for the remaining of the study, although they 

remained significantly increased compared with the control group (Fig. 1B).

IL-10 showed a biphasic progression during the time course studied, with a dramatic 

increase upon burn injury. IL-10 serum concentrations peaked at 3 h after burn injury and 

gradually decreased subsequently. IL-10 levels showed an additional increase at 96 h 

postinjury before decreasing to normal levels at the end of the period studied (Fig. 1C)

Analysis of the rates at which the various CINCs increased revealed that there was no lag 

phase for the observed increment of CINC-1 after burn trauma. Cytokine-induced neutrophil 

chemoattractant 1 concentrations increased immediately after burn injury, with a peak at 12 

h. During the remaining time of the study, CINC-1 levels decreased gradually but remained 

significantly elevated until the end of the investigation (Fig. 2A). Unlike CINC-1, the levels 

of CINC-2 did not dramatically increase immediately after burn injury. Instead, CINC-2 

levels displayed relatively constant values for up to 24 h after burn. At 48 h, a dramatic 

increase in the levels of this cytokine was observed, with a further increase at 96 h that was 

maintained for the remainder of the study (Fig. 2B). The serum concentrations of CINC-3 

followed a biphasic progression during the time line studied. Levels of this particular 

chemoattractant increased significantly at 3 h postburn injury, with a peak at 6 h. After a 

second dramatic decrease at 12 and 24 h, CINC-3 levels increased again with a late peak at 

96 h and maintained significantly elevated for the remainder of the study (Fig. 2C).

The levels of MCP-1 showed a significant increase immediately after injury. These levels 

were maintained for up to 12 h. A peak at 48 h was observed, with subsequent decrease in 

the levels of this cytokine at 96 and 168 h (Fig. 1D).

DISCUSSION

Severe burn trauma induces a distinct systemic inflammatory reaction in patients (2–4). 

Release of proinflammatory mediators postburn is associated with protein wasting and organ 

dysfunction (17, 18), which contributes to increased incidence of infection and sepsis, 

factors that augment the risk of multiple organ failure and death (5). Alterations in the levels 

of cytokines postburn occur before the observed metabolic abnormalities. Thus, it may be 

possible to design therapeutic interventions that attenuate the hypermetabolic response by 
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decreasing the expression of cytokines associated with it. The aim of this study was to assess 

the cytokine profile of a rat burn model that can be used for the characterization in 

alterations of cytokine expression patterns after severe burn injury during the acute and 

postacute inflammatory phases. Indeed, clinically applicable models have been developed in 

rodents for the study of the inflammatory response after trauma and pulmonary sepsis (19).

As summarized in Figure 3, our results showed that proinflammatory and anti-inflammatory 

cytokines, including IL-1β, IL-6, IL-10, CINC-1, CINC-2, and CINC-3, as well as MCP-1, 

are significantly elevated in rodents up to 7 days after severe burn injury when compared 

with nonburned animals. Significantly, this general behavior of the cytokines in our model 

was similar to the cytokine response in burned patients (5). Most cytokines recently 

measured in a pediatric cohort were elevated during the first week after burn and decreased 

significantly over time to approach concentrations of normal, unburned children (5). 

Similarly, in our study, the levels of most cytokines measured were augmented during the 

first days postburn. Serum levels of TNF-α and VEGF in burned rats were not significantly 

different to nonburned rats under our experimental conditions.

In humans, early markers of inflammation include IL-1β, IL-6, IL-8, IL-10, and TNF-α. 

IL-1 and IL-8 typically display the highest levels at the time of patient admission to the 

hospital (20). IL-1 seems to be a key component of the inflammatory mediator cascade, 

regulating the host response to infection, injury, and inflammation (21). For example, it has 

been shown to be critical for the maintenance of a persistent inflammatory state in the lungs 

of patients with acute respiratory distress syndrome (22). In the rat, there is a true homolog 

of IL-1, which in this study was observed to be immediately increased after burn injury.

IL-8 is a key cytokine mediator of the acute-phase response to injury and infection (23–25). 

However, IL-8 does not exist as such in rodents (26). Instead, rats express CINC-1, CINC-2, 

and CINC-3 proteins, which may be thought of as functional isoforms of IL-8 (26). Indeed, 

CINCs have been found to be potent chemotactic factors for neutrophils in acute lung 

inflammation induced by LPS (27). However, their kinetic behavior after burn injury has not 

been characterized in detail (28). In our study, the expression profiles of CINC cytokines 

were not similar among themselves. Cytokine-induced neutrophil chemoattractant 1 was 

observed to increase immediately after burn in a manner similar to that of IL-8 in humans. 

Cytokine-induced neutrophil chemoattractant 2 showed a considerable lag before displaying 

a significant increase. Finally, there were two peaks associated with CINC-3 expression: one 

immediately postburn and a second one near the end of our study.

Similarly to IL-8, IL-6 plays a pivotal role in mediating the acute-phase response. However, 

prolonged and excessive elevations of circulating IL-6 and IL-8 levels in patients after 

trauma, severe burn, and elective surgery have been highly associated with complications 

and mortality (29–32). However, the role of IL-6 during inflammation remains controversial 

because it has both proinflammatory and anti-inflammatory properties. On the one hand, it 

has been shown that IL-6 stimulates inflammation by modulating the functional repertoire of 

mature polymorphonuclear neutrophils, immune cells that seem to be important effectors in 

the genesis of postinjury inflammation and tissue injury (31). On the other hand, as part of 

its anti-inflammatory effects, IL-6 reflects its ability to induce the production in the liver of a 
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wide spectrum of acute-phase proteins known to be essentially protective and to limit the 

inflammatory process (31). Here, we found that IL-6 increased immediately after burn and 

remained elevated throughout the length of the study. A similar result was observed for this 

cytokine in our recent study of burned pediatric patients (5). Cruickshank et al. (33) found 

that IL-6 rises within 2 to 4 h and peaks at 6 to 12 h in a group of patients undergoing a 

variety of procedures. Plackett et al. (34) observed a peak of IL-6 in liver tissue 12 h after 

burn injury in a mice burn model. In addition, IL-6 is known to enhance the release of anti-

inflammatory mediators such as IL-10 (35). Consistent with this observation, we found here 

that the levels of IL-10 in the rat were also elevated immediately postburn and showed 

fluctuation throughout the study, although a significant increase was detected at the end of 

the period measured. The ratio of IL-6 to IL-10 has been reported to predict mortality in 

critically ill patients with systemic inflammatory syndrome (30). Schneider et al. (36) found 

that IL-10 is a critical mediator of immunosuppression after traumatic injury. Studies by 

Lyons et al. (37) indicated that increased IL-10 production correlates with subsequent septic 

events, and in the burn mouse, IL-10 seems to induce decreased resistance to infection.

Monocyte chemotactic protein 1 is a member of the β-chemokines and plays a crucial role in 

the trafficking and recruitment of effector leukocytes to primary sites of immune responses 

and inflammation (38, 39). New in vitro data demonstrate that MCP-1 has the ability to 

induce insulin resistance in adipocytes and skeletal muscle cells (40). In the rat, we found 

that the expression of MCP-1 was elevated immediately postburn, with a significant increase 

at 24 and 48 h after burn trauma. A similar result was observed for this cytokine in our 

recent study of burned pediatric patients (5): after an early peak postburn, plasma 

concentrations of MCP-1 started decreasing 6 days postburn injury.

Vascular endothelial growth factor is one of the most potent mediators of vascular regulation 

in angiogenesis and vascular permeability and has been shown to be elevated in severely 

burned patients, mainly in association with adult respiratory distress syndrome or systemic 

inflammatory response syndrome (41). TNF is a cytokine produced mainly by macrophages 

and monocytes and primarily increased in burn patients with sepsis (42). In burn rats, VEGF 

and TNF serum levels were not significantly different to nonburned rats under our 

experimental conditions. These findings correlate with the profile of these particular 

cytokines in severely burned children without inhalation injury or sepsis (5).

In addition to determining the profiles of the major cytokines associated with inflammation 

postburn, we wanted to ascertain that our burn treatment indeed led to a hypermetabolic 

state, as is observed in human patients. The hypermetabolic response after a major burn is 

characterized by a hyperdynamic response with increments in a wide variety of metabolic 

outcomes, including body temperature, oxygen and glucose consumption, carbon dioxide 

production, and muscle proteolysis (16). This response begins on the 5th day postinjury and 

continues up to 24 months postburn, leading to a significant loss of lean body mass, muscle 

weakness, and poor wound healing (16, 43, 44). In the present study, we measured the total 

body weight of animals in our experimental and control groups. Burn led to a significant 

decrease in total body weight, indicating that the observed alterations in circulating 

cytokines indeed led to the generation of a hypermetabolic state.
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In summary, we analyzed a panel of serum cytokines in rats over time, known to increase in 

humans postburn that may serve as reference for future development of therapeutic 

interventions. Various cytokines were observed in our rat burn model to follow a similar 

kinetic profile to that of humans. Because rats provide a cost-effective, easily manipulatable, 

and genetically homogeneous model system, we believe that this model is an adequate 

system to explore the mechanisms underlying the pathophysiology of the acute and 

postacute phases of burn injury. Our model may be useful in exploring therapeutic 

interventions directed at modifying the expression of cytokines, thus decreasing the 

hypermetabolic state associated with increased morbidity and mortality in human patients.
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Fig. 1. Cytokines commonly used to evaluate the inflammatory response are elevated in the rat 
burn model.
A, Serum IL-1β levels are significantly increased up to 48 days postburn compared with 

controls. B, Serum IL-6 levels are significantly increased up to 168 days postburn compared 

with controls. C, Serum IL-10 levels are significantly increased up to 96 days postburn 

compared with controls. D, Serum MCP-1 levels are significantly increased up to 96 days 

postburn compared with controls. Throughout the figure, histograms depict serum 

concentrations of the respective cytokine at steady-state levels. Results shown represent 

eight different animals per group, as indicated in the main text. Bars represent means; error 

bars correspond to SEM. Asterisks denote statistical significance: P < 0.05 for every 

comparison between groups.

Gauglitz et al. Page 10

Shock. Author manuscript; available in PMC 2021 February 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. Cytokine-induced neutrophil chemoattractant family members are elevated in the rat 
burn model.
A, Cytokine-induced neutrophil chemoattractant 1 levels are significantly increased up to 96 

days postburn compared with controls. B, Cytokine-induced neutrophil chemoattractant 2 

levels are significantly increased up to 168 days postburn compared with controls. C, 

Cytokine-induced neutrophil chemoattractant 3 levels are significantly increased up to 168 

days postburn compared with controls. Throughout the figure, histograms depict serum 

concentrations of the respective CINC protein at steady-state levels. Results shown represent 

eight different animals per group, as indicated. Bars represent means; error bars correspond 

to SEM. Asterisks denote statistical significance: P < 0.05 for every comparison between 

groups.
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Fig. 3. Heat map comparing normal and burn serum cytokine protein expression profiles.
Values (average cytokine concentration; picograms per milliliter), with blue indicating 

lowest levels, yellow indicating highest levels, and black in the middle. Gray squares 

indicate that no expression was detected.
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Table 1.

Weights of experimental and control groups

Start weight, g End weight, g

Sham group 360.1 ± 2.9 354.0 ± 3.6

Bum group 358.4 ± 2.0 323.3 ± 4.9 (P< 0.001)

Data are presented as means ± SEM.
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