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Abstract

Critical illness is a major cause of morbidity and mortality around the world. While obesity is
often detrimental in the context of trauma, it is paradoxically associated with improved outcomes
in some septic patients. The reasons for these disparate outcomes are not well understood. A
number of animal models have been used to study the obese response to various forms of critical
illness. Just as there have been many animal models that have attempted to mimic clinical
conditions, there are many clinical scenarios that can occur in the highly heterogeneous critically
ill patient population that occupies hospitals and intensive care units. This poses a formidable
challenge for clinicians and researchers attempting to understand the mechanisms of disease and
develop appropriate therapies and treatment algorithms for specific subsets of patients, including
the obese. The development of new, and the modification of existing animal models is important
in order to bring effective treatments to a wide range of patients. Not only do experimental
variables need to be matched as closely as possible to clinical scenarios, but animal models with
pre-existing comorbid conditions need to be studied. This review briefly summarizes animal
models of hemorrhage, blunt trauma, traumatic brain injury, and sepsis. It also discusses what has
been learned through the use of obese models to study the pathophysiology of critical illness in
light of what has been demonstrated in the clinical literature.
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INTRODUCTION

Critical illness is a major cause of morbidity and mortality in the United States and around
the world (86). It is associated with significant social, physical, and functional impairments
that can lead to decreased quality of life, financial stress, and psychological struggles not
only for patients but also for their families (22). An increasing amount of research has
demonstrated that obesity, a growing problem in developed countries around the world (35)
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that is associated with the development of several chronic medical conditions (81), may
affect outcomes in critically ill patients (89). While it is well known that obese critically ill
patients present healthcare professionals with unique treatment challenges (88), it is also
becoming increasingly realized that adipose tissue, which has many unique endocrine,
immune, cardiovascular, and metabolic functions (81), may undergo distinct alterations
during critical illness (51). While larger, well-designed clinical trials are needed, an
expansion in the use of preclinical models is necessary to better understand the
pathophysiological mechanisms and therapeutic options in the critical care of the obese
patient.

This review will discuss the animal models of critical illness that have been used, with a
focus on hemorrhage, trauma, and sepsis. Special attention will be given to the models that
have been applied to the study of obesity during these critical illnesses. The findings of these
animal studies will be highlighted in light of what the clinical literature has demonstrated.

OBESITY AND ANIMAL MODELS OF CRITICAL ILLNESS

Obesity

Biology of obesity—Both animal and clinical studies have helped shed light on
physiological and pathological changes that often accompany obesity. The development of
obesity is multifactorial, with lifestyle and environmental factors, genetics, and epigenetics
all playing an important role. Obesity is associated with numerous pathophysiological
changes and/or diseases, including type 2 diabetes, cardiovascular diseases such as stroke
and coronary heart disease, various cancers, sleep apnea, hypertension, and others (81).
While strong basic science and clinical evidence supports these associations, causality has
not yet been firmly established. Adipose tissue is the source of numerous adipokines and
inflammatory cytokines, and has been shown to induce a chronic, low-grade state of
inflammation. This inflammatory state is thought to be integrally linked to many of the
metabolic and vascular abnormalities that occur concomitantly with obesity (21). Some of
the aberrations that frequently occur in the context of obesity include insulin resistance,
atherogenic dyslipidemia, hypertriglyceridemia, hyperleptinemia, and endothelial
dysfunction (81). Recent evidence has highlighted that adipose tissue may undergo
significant alterations and interfere with immune responses during critical illness (51). For
example, in the acute phase of critical illness, adipose tissue may undergo an increase in pro-
inflammatory cytokine secretion and M1 macrophage accumulation, as well as a
downregulation in the secretion of adiponectin. In the chronic, prolonged phase of critical
illness, adiponectin secretion may be increased, and the insulin-sensitizing, anti-
inflammatory M2 macrophage may predominate (81). In addition, accumulating studies
indicate that the “metaflammation” (metabolic disorder-associated chronic inflammation) in
obesity interacts and/or correlates with multiple physiological changes such as altered
autonomic activity, mitochondrial dysfunction, and increased oxidative and endoplasmic
reticulum (ER) stress. For example, high fat diet-treated obese mice exhibit increased
mitochondrial DNA (mtDNA)-induced damage, which is correlated with elevated
mitochondrial dysfunction, oxidative stress, ER stress, and apoptosis (99). These obesity-
associated abnormalities are thought to affect cellular/organ function, immune responses,
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and outcomes in obese patients with critical illness, while the mechanisms have not been
thoroughly investigated.

The obesity paradox and nutrition status—An interesting trend in the literature is
that obesity has recently been shown to be associated with poor outcomes in certain subsets
of critically ill patients, such as those with severe trauma (19), while also appearing to be
protective in other patients such as those with sepsis (the “obesity paradox”) (27, 62). These
disparate findings are most likely due to artifacts of data collection or differences in pre-
existing conditions, medical treatments, and inconsistent classifications of obesity and
critical illness. For example, the curve for the obesity-mortality relationship in critical illness
is U-shaped, where class | and 11 obese patients exhibit lower mortality but patients with low
BMI (<20) or class |11 obesity exhibit higher mortality (33). It has been recently suggested
that, due to insulin resistance and decreased energy uptake in the liver and skeletal muscle,
the immune and central nervous systems in obesity are able to use more energy during acute
immune or anti-inflammatory responses (78). If this is the case, obese patients may be
protected against adverse outcomes due to reserved energy supply for inflammatory
responses in the setting of critical illness. Indeed, the contributions of nutritional status have
been emphasized during the treatment of critical illness. It has been shown that obese
patients with a good nutritional status exhibit lower mortality, while worse outcomes and
higher mortality are found in the obese patients with malnutrition (67). However, several
limitations have been noticed from nutritional studies, such as potential biases regarding
sample collection, the definition of malnutrition, and the prevalence of malnutrition in
obesity (41, 57). Regarding its interactions with inflammation, malnutrition is suggested to
be separated into three categories: starvation-associated, chronic disease-associated, and
acute disease or injury-associated (31). The malnutrition found in obese patients with critical
illness could be both chronic and acute disease-associated, and thus might be both a cause
and a consequence of the adverse outcomes. Therefore, a better understanding of the
prevalence and impacts of malnutrition during critical illness is important to ensure the
effectiveness of nutritional interventions and related medical therapies, especially in a
setting of obesity.

Animal models of obesity—The two major categories of obese animal models include
1) monogenic and 2) polygenic. Monogenic models have frequently utilized a mutation in
the leptin pathway, although it has been shown that the single manipulation of nearly 250
different genes in mice can lead to obesity (76). Depending on the genetic manipulation or
environmental and dietary factors, the severity of the obesity and the comorbid metabolic
alterations can vary greatly (60). While monogenic models have been extremely helpful in
understanding obesity, the mechanisms underlying many associated pathologies, monogenic
obesity in humans is rare (14). Thus, polygenic models more closely mimic human obesity
and should be used for preclinical testing of therapeutic agents. In polygenic models, obesity
is often induced by feeding animals a hypercaloric diet. Two common variations include the
high-fat diet (24), which causes obesity due to its high energy density, and the cafeteria diet,
which stimulates hyperphagia (and subsequent obesity) due to its palatability (76). As would
be expected, different strains of animals have a variable response to these diets, with some
being prone and others being more resistant to the development of obesity (48). Because of
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this and the logistical difficulty of long-term feeding with a special diet, morbid obesity is
not easy to replicate in diet-induced obesity models. Other less common models of obesity
include those induced by chemical or surgical methods. While a comprehensive review of
these approaches is outside of the scope of this article, the end result in each model is
phenotypic obesity. The most common species of animals used for obesity studies are mice
and rats, but many others have been used, including other rodents, larger animals like pigs,
sheep, and primates, and even more exotic species such as seals and bats (76). Table 1
summarizes commonly used obese animal models including inherent leptin dysfunction and
diet-induced obesity. These models can be greatly different from each other due to the
methods used to induce obesity. For example, the polygenic obesity models may exhibit less
hyperphagia as compared to monogenic models, and many obese animal models do not have
increased fasting glucose levels (Table 1, indicated as “+/-") despite similar levels of insulin
resistance. Thus, it is vital to be aware of the baseline characteristics in an obese animal
when choosing a model for a critical illness study, and potential non-specific impacts such
as hyperglycemia and hyperleptinemia on innate immune responses from these different
baseline parameters, for example, the fasting hyperglycemia in Zucker diabetic fatty rats vs.
normal fasting glucose in obese Zucker rats, and the lack of leptin in ob-/ob-mice vs. high
leptin in db-/db-mice. Also, investigators should be aware of the impact of aging on
cardiovascular and immune systems in the obese animals models (17). Regardless these
discrepancies, metabolic disorders such as hyperlipidemia and postprandial hyperglycemia
are commonly observed in obese models and appear to play a critical role in the
development of chronic metaflammation and cardiovascular dysfunction. We have
demonstrated that decreasing the insulin resistance and postprandial hyperglycemia in obese
Zucker rats significantly improves vascular oxidative stress and function (71, 94). The obese
Zucker rat is a model of severe obesity due to leptin receptor mutation (Table 1). Although
these animal models may not perfectly mimic every facet of human obesity, they have been
helpful in understanding why and how comorbid conditions develop along with obesity and
contribute to obesity-associated morbidity and mortality.

Hemorrhage

Animal models of hemorrhage—The two most commonly utilized methods for
inducing hemorrhage in animals include 1) uncontrolled and 2) controlled, with the latter
then subdivided into a fixed-volume or fixed-pressure hemorrhage. Excellent reviews of
these methods have been published previously (15, 82), as has a description of the
advantages and disadvantages of each method of hemorrhage (46). Uncontrolled
hemorrhages are elicited by tearing organs with a major blood supply, or by disrupting a
major vessel. While this method most closely mimics clinical hemorrhage, it is difficult to
control the degree of blood loss. Fixed-volume hemorrhages typically entail the loss of 25—
45% of blood volume via arterial catheter or cardiac puncture, and while this allows for the
study of compensatory mechanisms, hemodynamic responses are highly variable. In fixed-
pressure hemorrhage or shock models, blood pressure is controlled at 20-50 mmHg for
anywhere from 30 minutes to three hours by continually withdrawing blood. The fixed-
pressure method is advantageous in that experimental variables (e.g. length and severity of
hypotension) can be tightly controlled, but it comes at the expense of not closely mirroring
hemorrhages seen in the clinical setting. Both large and small animals have been used for
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hemorrhage research. The choice of animal type for experimentation depends on many
factors (Table 2).

The type of resuscitation used to control hemorrhage is just as important as the way it is
induced in animal models. The most commonly used resuscitation fluids have been blood,
saline, or lactated Ringer’s, but colloids have also been used. There is active clinical
discussion about the merits and detriments of each fluid type and also about when and how
much resuscitation is ideal (55). Other important protocol issues include the presence or
absence of anesthesia, which can affect hemodynamic, neurological, and other physiological
responses, as well as the use of anticoagulants such as heparin (Table 3) (49). To mimic
clinical traumatic injuries, experimental hemorrhage methods have often been combined
with additional blunt traumatic insults, including those to the head, chest, abdomen, and/or
extremities (82). These models will be discussed in the blunt trauma section below.

Obesity and hemorrhage—Because hemorrhage typically occurs in the context of other
injuries, only a limited number of studies have investigated outcomes in obese patients after
hemorrhage. This was first shown in a 2012 report, which demonstrated that mortality from
traumatic hemorrhage was increased in a stepwise fashion with increasing body mass index
(59), which may have been related to inadequate resuscitation in these obese patients.
Similarly, a recently published study utilizing the Glue Grant database showed that the
incidence of multiple organ failure increased following hemorrhage in those with higher
body weight, and found an increased mortality in those with morbid obesity (29). These
clinical data suggest obesity increases the incidence of multiple organ failure and the risk of
mortality after blood loss.

A few hemorrhage studies using obese animal models have helped shed light on obesity-
related pathophysiology following traumatic blood loss. Obesity may decrease the ability to
maintain blood pressure and organ perfusion in response to a hemorrhage. Frisbee (16)
subjected anesthetized lean and obese rats to repetitive 10% withdrawals of blood volume,
and found that obese rats had an earlier decompensation of blood pressure. This may have
been due to the increased sympathetic vascular tone at baseline, limiting vasoconstriction
and the buffering capacity to tolerate hemorrhage (16). In anesthetized obese, type Il
diabetic mice (db/db) (13), hypotension maintained at 35 mmHg for 90 minutes caused
greater renal dysfunction and exacerbated renal hypoxia more than in nondiabetic mice.
Matheson et al. conducted studies using anesthetized lean and obese rats with a fixed-
pressure hemorrhage at 40% of the baseline MAP and sustained this pressure for 60 min,
and demonstrated that obesity was associated with impaired hepatic blood flow, increased
systemic inflammation, as well as increased liver and kidney injury (52, 53).

While many hemorrhage studies were performed in anesthetized animals, it should be
realized that anesthesia blunts sympathetic activity, and obese rats have been shown to have
an altered hemodynamic and adrenergic response to anesthesia (5). Thus, it is encouraged to
study the responses after hemorrhage under conscious conditions. We found that conscious
obese Zucker rats with 35% blood volume loss had an impaired ability to maintain their
blood pressure, associated with decreases in baroreflex regulation of heart rate, renin
activity, and vasopressin release, which synergistically suppressed the increase in total

Shock. Author manuscript; available in PMC 2017 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mittwede et al.

Page 6

peripheral resistance after hemorrhage (93). This animal evidence suggests that the
increased morbidity and mortality in obese patients after a severe hemorrhage could be due
to impaired cardiovascular and hemodynamic regulatory responses that may lead to
underperfusion of critical organs (Figure 1).

Other co-morbidities seen with obesity that may play a role in the worsened outcomes after
hemorrhage include hyperglycemia, insulin resistance, and coagulopathy. Post-traumatic
stress hyperglycemia has been shown to be important not only in mediating patient
outcomes but also because of its pro-inflammatory and pro-oxidant effects (2). We showed
that obese Zucker rats have an exaggerated hyperglycemic response to hemorrhage, which
was associated with larger suppression of insulin release and increased adrenergic-mediated
hepatic glycogenolysis (7). Dysregulation of the autonomic nervous system was also shown
in Wistar rats fed a high-calorie diet, who exhibited higher plasma glucose levels after
hemorrhage as compared to their lean counterparts (9). Additionally, obesity creates a
hypercoagulable, physiological milieu at baseline. Venous thromboembolism can be a major
cause of organ failure after hemorrhage, and the risk of developing this complication is
increased in obese trauma patients (68). For example, in Sprague-Dawley rats subjected to
an uncontrolled hemorrhage (54), those fed a high-fat diet remained in a hypercoagulable
state as compared to those fed a normal diet, which may play a role increasing the risk of
thromboembolism. Characterized by insulin resistance and a hypercoagulable state, obese
animals could be used to determine the impacts of stress hyperglycemia and
thromboembolism on outcomes following hemorrhage. However, it should be noted that the
hypercoagulable state is absent in db-/db- and ob-/ob- obese mice (25), and thus a validation
of the coagulation state is recommended before using an obese animal model if
thromboembolism is involved in the hypothesis.

Notably, adipose tissue requires relatively less blood supply as compared to lean mass.
There is evidence that the total blood volume is not different between age-matched lean and
obese rodents, despite the difference in body weight (16, 70). Thus, a volume- or pressure-
controlled hemorrhage should be induced by removing the same (absolute) amount of blood
volume from age-matched lean and obese animals (16, 93). It may be misleading to adjust
the percent of blood loss or degree of shock by their body weights. For example, Matheson’s
group revealed that in order to maintain the blood pressure at 40% of baseline, 3.0+0.1 mL
blood per 100g body mass was removed in the lean animals in contrast to 2.5+0.2 mL/100g
in obese animals (52, 53). In fact, the absolute amount of blood loss was larger in obese
animals as compared to their age-matched lean animals, which may have skewed the results.
Moreover, obese animals have altered blood pressure regulation systems in response to
hemorrhage, as we have discussed previously (16, 93). Although the blood pressures in lean
and obese animals were similar following a pressure-controlled hemorrhage, the obese
animals may have undergone a different amount of blood loss and disparate neurohormonal
regulation as compared to lean animals. Therefore, pressure-controlled hemorrhage is not
likely to be an ideal model if comparison is made between lean and obese groups, unless the
blood distribution and blood pressure regulation in obesity are more clearly elucidated in
future studies.
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In summary, in response to hemorrhage, obese animals may exhibit impaired organ
perfusion and greater organ injury, increased inflammation, increased stress hyperglycemia,
and altered autonomic, hormonal, and coagulation responses as compared to lean animals.
These variables could certainly contribute to the worse outcomes that have been observed in
hemorrhaged patients in the context of obesity (Figure 1), whereas more obese animal
studies are still needed to verify these mechanisms and to probe optimal resuscitation
strategies. In addition, the confounding effects of anesthesia and anticoagulants on
hemodynamic factors, immune responses, metabolism, and nervous activity after
hemorrhage warrant further consideration.

Blunt trauma

Animal models of blunt trauma—Various methods have attempted to mirror clinical
blunt traumatic injuries. Excluding traumatic brain and spinal injury, which will be
discussed later in this review, these blunt injuries include 1) bone fracture(s), 2) soft tissue
injury, 3) chest trauma, and 4) polytrauma (82). Trauma in animals necessitates anesthesia
during the insult and analgesic administration after the animals have awakened, both of
which can affect physiological, metabolic, and immune variables. Fracture models have
often involved the fracture of long bones like the femur and/or the tibia, and for ethical
purposes, this requires fracture fixation using internal or external fixation methods (15).
Much information has been gleaned from the use of animal models of fracture, and it is now
well recognized that early operative fixation of fractures in the setting of polytrauma creates
a “second hit” that exacerbates the inflammatory response following trauma (34, 43). To
circumvent this issue, some investigators have attempted to mimic a severe long-bone
fracture by injuring the soft tissue adjacent to the femur and infusing homogenized bone
components into the region, and this has resulted in similar inflammatory responses and
target organ failure as compared to a bilateral femur fracture in patients (38, 56). Other soft
tissue injury models that have been used include abdominal laparotomy and crush injury to
the rectus abdominus (82). Chest trauma models have involved lung contusion induced by
clamping, bolt gun, or blast injury (82). Polytrauma models include a combination of a
number of the above techniques with or without concomitant hemorrhage. While every
attempt has been made to mimic injuries that occur commonly in the clinical setting, the
variety and combination of clinical traumatic injuries is impossible to perfectly model. In
theory, polytrauma models are likely the closest representation of severe clinical trauma, but
for ethical reasons these animals often require early euthanasia, which may confound
physiological responses and limit their utility. Despite the limitations, animal models have
been extremely helpful in elucidating the pathophysiological response to trauma, particularly
in relation to the inflammatory and compensatory anti-inflammatory responses (34, 47).

Many types of animals have been used in blunt trauma research studies. Pigs have been
extensively studied in models of chest trauma combined with hemorrhage, whereas most of
the fracture and soft tissue injury experiments have been conducted in rats, mice, and pigs
(82). Because of their similar immune system to humans, the use of non-human primates for
trauma studies has been encouraged, particularly for the preclinical study of therapeutic
agents (66, 85). However, ethical considerations and costs have thus far limited their
widespread use.
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Obesity and blunt trauma—Since an initial report in 1991 by Choban and colleagues
demonstrating increased mortality in obese patients with blunt trauma (6), many studies
have compared responses and outcomes in lean and obese trauma patients, with varying
results. Because obesity creates a chronic state of low-grade inflammation, it has been
hypothesized that obese individuals may be more prone to an exaggerated acute-phase
inflammatory response to trauma. However, the clinical evidence on this has been sparse
and the results have been controversial. One study showed that two days after trauma, no
differences were seen in the plasma levels of pro-inflammatory cytokines between patients
with visceral versus subcutaneous obesity (8). Similarly, another study showed that the
genomic blood leukocyte response to trauma was not different between lean and obese
humans (91). Two other studies were in disagreement with one another, with one showing
decreased cytokine levels in obese blunt trauma patients (90) and another showing increased
levels (1). These inconsistencies may be due to variations in comorbid conditions of the
patients, patterns of trauma, and differences in post-trauma treatments and in the time points
at which plasma collections are made. In addition, as discussed previously, the outcomes
may be also confounded by the presence of malnutrition. Unfortunately, to avoid these
confounding variables is not possible in the clinical setting, and thus using animal models
for this study area is becoming increasingly important. While there is still not a consensus
on this issue, recent reviews and a meta-analysis concluded that obesity has a detrimental
effect in the context of trauma (19, 45, 89). Similarly, a few recent large cohort studies have
demonstrated that obese patients have prolonged stays in the intensive care unit as well as an
increased risk of organ injury and failure, other in-hospital complications, and death (11, 20)
(Table 4).

Despite the strong clinical interest in the differences in blunt trauma outcomes between lean
and obese patients, there is a surprising dearth of animal studies on this topic. There have
been a plethora of studies investigating patterns of inflammation and remote organ failure
after blunt traumatic injury in lean animals, but little has been done outside of our laboratory
with obese animals. Based on a mouse model of “pseudofracture” by Kobbe et al. (37), we
developed a severe, non-hemorrhagic lower extremity trauma model in obese Zucker rats in
order to study the disparate responses to trauma between lean and obese animals. Our
trauma procedure involves a bilateral hind limb soft tissue injury, injection of homogenized
bone components, and fibula fracture (95). The goal in developing this model was to mimic
a bilateral femur fracture but to obviate the need for fixation surgery, which can be a second
hit that can both exacerbate the inflammatory response and worsen outcomes. We have
shown that the day after orthopedic trauma, obese rats exhibit increased incidences of acute
lung and acute kidney injury, the two most-frequent organ injuries observed in trauma
patients. This is evidenced by the presence of greater lung inflammation and pulmonary
edema, decreased glomerular filtration rate and renal plasma flow, and increased urine
excretion of renal damage markers in obese Zucker rats as compared to their lean
counterparts (58, 96). This is in agreement with the clinical literature, which has consistently
demonstrated an increased risk of multiple organ (especial lung and kidney) dysfunction,
injury, and failure in obese blunt trauma patients (11, 20).
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Additionally, we observed significant increases in systemic, lung, and renal inflammation
and oxidative stress the day after trauma in obese rats, and the inhibition of NADPH oxidase
(NOX), a major source of superoxide, prevented the development of both lung and kidney
injury in the obese Zucker rats but had no effect in lean rats (58, 96). These results suggest
that trauma increases the incidence of kidney and lung injury in obesity due, at least in part,
to exacerbated oxidative stress. Reactive oxygen species play an important role in mediating
innate immune responses, including activation of damage-associated molecular pattern
molecules, neutrophil priming, stimulation of oxidant-related transcription factors and
molecular events, and production of cytokines and chemokines. Interestingly, we found that
antioxidant treatment decreases lung neutrophil numbers, myeloperoxidase activity, and
plasma interleukin-6 levels in obese Zucker rats following trauma, suggesting that
exacerbated oxidative stress in obesity facilitates or exaggerates immune responses (58, 96).
In addition, we found that the pulmonary microvasculature in obese Zucker rats exhibit
increased basal permeability and is more vulnerable to elevated oxidative stress as compared
to lean Zucker rats (58, 96). These alterations in obese rats likely contribute to the increased
incidence of acute lung injury. Together, these findings may provide insights into the area of
redox-based therapeutics following trauma in obesity. However, it is unknown whether other
obese animal models also have these pathophysiological responses after trauma.

We have also observed that the obese Zucker rats have an exaggerated hyperglycemic
response after trauma as compared to lean rats (97), mainly due to pre-existing insulin
resistance, which is consistent with the evidence that obese critically ill patients have an
increased need for insulin (63). Inhibition of this stress hyperglycemic response attenuates
the development of acute lung injury (97). Since acute hyperglycemia is known to have both
pro-inflammatory and pro-oxidant effects (50), we postulate that the early stress
hyperglycemia in obesity may modulate innate immune responses and increase the incidence
of downstream remote organ injury. The mechanisms by which these pathological changes
occur are an active area of investigation. Recent studies show that following trauma,
increased circulating levels of mtDNA, a type of damage associated molecular pattern, can
manipulate innate immune pathways identical to those activated in sepsis to create a sepsis-
like state, and thus increase the incidence of organ injury (100). This might be an important
mechanism for the adverse outcomes in obese subjects and animals with pre-existing
mitochondria dysfunction and increased mtDNA damage (99). An expansion in the use of
blunt trauma models in obese animals is needed to better understand these
pathophysiological differences and mechanisms underlying the current disparate outcomes
in the literature.

Traumatic brain injury (TBI)

Animal models of TBI—While many methods have been used to reproduce TBI in
animals, the four most common ways to induce injury are the following: 1) fluid percussion;
2) controlled cortical impact; 3) weight-drop impact acceleration; and 4) blast injury (15, 82,
98). Animal models of TBI have been used not only for the study of structural damage but
also functional deficits. The fluid percussion and cortical impact models are advantageous
because they are easily reproducible, but the downside is that they have a high mortality rate
and require a craniotomy. The weight-drop models mimic clinical TBI better than most
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other methods, but the injury is often not reproducible. Blast injuries are excellent for
recapitulating what might be observed in a military combat setting, but the limitations in
reproducibility and the difficulties in comparing blast injuries from different laboratories
have been cited as a concern (98).

Mice and rats have been the species most commonly used for weight-drop models, while a
combination of these and large animals like pigs have been used for the other methods of
TBI induction (98). As with other types of traumatic injury, TBI in the clinical setting is
extremely heterogeneous in regards to both patients and injury mechanisms. Thus, variables
in animal studies should be matched as closely as possible to mimic clinical injuries while at
the same time balancing the need for appropriate experimental controls. Because there have
been many failed clinical trials using therapies shown to be effective in animals, it has been
recognized that both short- and long-term animal studies of TBI should be conducted with
increased rigor, and animals with co-morbid conditions should be studied.

Obesity and TBI—The clinical literature on obesity and TBI is sparse. In a study of
patients who had undergone a frontal motor vehicle collision, obese individuals were two
times as likely to sustain a severe head injury and more likely to die, as compared to those
who were not obese (79). Another study showed that obese patients have increased
complication and mortality rates as compared to lean patients after TBI, but once age,
admission blood pressure, and chest injuries were controlled for, the differences in outcomes
were no longer significant (3). Very little has been done to explore the causality of these
findings. Notably, in one study, obese patients with TBI were found to have reduced brain
oxygen tension as compared to lean patients, but the mechanisms have not been explored
(39).

Only a few studies of TBI have been conducted in obese animals. Sprague-Dawley rats fed a
high-fat sucrose diet and subjected to bilateral frontal cortical contusion had a greater loss of
cortical tissue as well as impaired functional testing as compared to rats fed a standard diet
(26). Other investigators also observed impaired cognitive function in Sprague-Dawley rats
subjected to mild fluid percussion injury that had been fed a high-fat sucrose diet as
compared to their lean counterparts fed a regular diet (92). The decrease in cognitive
function in the rats fed a high-fat sucrose diet was attributed to decreases in brain-derived
neurotrophic factor, which is thought to help the brain endure traumatic injury by
modulating synaptic transmission. An expansion in the depth and breadth of animal studies
will help uncover disparate pathophysiological responses to TBI that may occur in the
context of obesity.

Animal models of sepsis—Animal models of sepsis have been used extensively for
many years, with three main methods being used to induce the condition: 1) administration
of a toxin such as lipopolysaccharide (LPS); 2) administration of a bacterium such as E. coli;
and 3) puncture of the alimentary tract to allow for translocation of bacteria (10). As would
be expected, each model has it merits and limitations. The LPS model replicates the shock-
like state observed in septic patients and has the advantage of being easy to perform and
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reproduce. Most LPS models mimic the late, hypodynamic phase of sepsis well. However,
because many animals are resistant to LPS, large doses are often required, and most animal
studies fail to replicate the early hyperdynamic phase (4). The bacterial administration
models have been helpful in studying the bodily response to bacteria, but they fail to
recapitulate many of the clinical features of sepsis. Cecal ligation and puncture (CLP) and
colon ascendens stent peritonitis are two methods whereby the alimentary tract has been
disrupted. The CLP model is often thought to be an excellent clinically applicable sepsis
model, but this model has drawn criticism for the highly variable responses observed
between animal species and by different laboratories (4). Most sepsis research has been
conducted in rodents because of the advantages that have been previously discussed, but
larger animals such as sheep and pigs have also been used to study the effects of therapies
and volume resuscitation (44). Because of the heterogeneity and complexity of sepsis (30),
finding appropriate animal models has been challenging. Many clinical trials for sepsis
therapies have failed, possibly due to faulty and overly optimistic conclusions drawn from
poorly designed animal studies (10). Recommendations for the improvement of animal
studies of sepsis have included the following: 1) both positive and negative effects of drug
administration should be reported; 2) high-quality preclinical studies should be conducted
prior to moving a therapy to a clinical trial; 3) experimental groups with antibiotic and other
clinically used therapies should be included (4, 10); and 4) special attention should be paid
to confounding variables, including sex, age, obesity, and differences in the animal and
human immune systems.

Obesity and sepsis—As discussed before, although obesity is shown to be associated
with poor outcomes in trauma patients (19), it may be protective in critically ill patients with
sepsis (27, 62). However, more studies are needed to confirm these observations. Few
studies have focused specifically on obese septic patients, with most evidence indicating that
obesity is protective in the context of sepsis. Studies in hospitalized septic patients show that
obese patients have lower in-hospital (40), 28-day (87), and 1-year (65) mortality rates,
respectively, as compared to nonobese patients. One of these studies also examined plasma
pro-inflammatory cytokine levels, with decreased interleukin-6 levels being found in obese
patients (87). Conversely, one small study (149 patients) did identify obesity as a strong risk
factor for 30-day mortality in patients with bacteremia (28).

Although the clinical literature suggests that obese patients, if subjected to isolated sepsis,
may have decreased inflammatory responses and mortality, most sepsis animal studies have
observed worse outcomes in obese as compared to lean animals. Studies have shown that
obese animals have increased mortality as compared to lean animals in LPS-(69), S. aureus-
(77), and CLP-induced (32) sepsis models, while one showed that survival was improved in
the obese in a CLP model (73). In an LPS model, obese pigs had increased pulmonary
hypertension and hypoxemia as well as an impaired cardiac index as compared to lean pigs
(12). C57 mice fed a high-fat diet and subjected to CLP had worse lung injury than those
consuming a regular diet (32). Increased liver injury was observed in Wistar rats fed a high-
fat diet and given LPS as compared to rats fed a regular diet (69). Additionally, sepsis often
causes weight loss, which was shown to be exacerbated in LPS models in ob/ob mice (42)
and diet-induced obese mice (64) as compared to wild type controls. Behavioral deficits
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were also found to be greater in ob/ob mice with CLP-induced sepsis as compared to wild
type mice with the condition (84).

Because of the massive systemic inflammatory response that often occurs in sepsis (30), the
immune system and inflammation have been major areas of focus in nearly every sepsis
study. The results from animal studies have been far from consistent with regard to these
variables. Many have shown that obesity increases cytokine expression during sepsis (12,
32, 64, 69), while others have shown either no difference or decreased levels of cytokines in
obese animals (36, 73). In CLP models of sepsis, obese mice were found to have increased
leukocyte and platelet adhesion in the microcirculation of the brain (83, 84) and intestines
(74), creating a more prothrombogenic environment. The precise mechanisms by which
dysfunction of the inflammatory response can lead to death or other complications is a
current area of investigation, but it is generally agreed that excesses in either the systemic
inflammatory response syndrome (SIRS) or compensatory anti-inflammatory response
syndrome (CARS) can be problematic (30, 61).

Acute lung and kidney injury are the most common and earliest fatal complication after
sepsis. Sepsis-induced acute lung injury is characterized by exacerbated lung neutrophil
retention and oxidative stress, which impair the regulation and integrity of endothelial cell
junctions and thus increase capillary permeability and the resultant risk of non-cardiogenic
pulmonary edema (23). The accumulation and activation of neutrophils in the lung facilitate
production of reactive oxygen species due to increased NOX-dependent superoxide
(respiratory burst) and myeloperoxidase. As mentioned previously, we found that the lung
microvasculature in obese rats is more vulnerable to oxidative stress as compared to lean
rats. If this is the case in patients, special attention may be needed during the treatment of
sepsis in the obese population despite the controversial findings following antioxidant trials
in lean subjects (18, 23). Sepsis-induced acute kidney injury is also widely studied in human
and animal models, and one of the most important mechanisms appears to be blunted
oxygen supply coupled with increased oxygen consumption, resulting in impaired renal
oxygenation and outer medullary hypoxia (75). Renal microvascular damage and
hypercoagulability could potentially decrease oxygen delivery. On the other hand, the
increased renal oxygen consumption may be caused by mitochondrial dysfunction instead of
increased sodium uptake (75). Obese subjects and animals are usually characterized by
elevated basal levels of oxidative stress, a hypercoagulable state, and mitochondrial
dysfunction. These pre-existing factors may increase the risk for renal injury following
sepsis and other critical illnesses. However, there are currently no studies investigating renal
hemodynamics and oxygenation after sepsis in obese animal models.

Contrary to what has been shown clinically, animal models of sepsis have demonstrated that
obesity is often associated with increased mortality, a greater number of complications, and
an altered systemic inflammatory response as compared to what is observed in lean animals.
The fact that the clinical literature points towards obesity being protective in sepsis and the
opposite is observed in animals highlights the need for an improvement in both clinical and
animal experimental design (Table 4). As previously discussed, sepsis is a highly
heterogeneous and complex condition, so it is not surprising that animal and clinical studies
have not yielded clear and consistent findings. Future studies should be geared towards
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clarifying the discrepancies between animal and human studies, improving animal models,
and standardizing experimental protocols (44).

CONCLUSIONS AND FUTURE DIRECTIONS

Based on observations from clinical and animal studies, obesity appears to have a disparate
impact on outcomes following critical illness depending on the type of disease or insult, the
experimental protocol, and the animal model used (Table 4). A large and diverse group of
animal models have been used to study the responses to various forms of critical illness. Due
to the inherent limitations of conducting research in humans, these models are necessary and
have been helpful in understanding the impact of different factors in response to injury or
illness. Because trauma and sepsis in humans are highly heterogeneous in nature, it should
be realized that there is no animal model that can perfectly mimic what occurs in the clinical
setting. Many clinical trials of therapies that were proven to be effective in animal models
have failed in the clinical setting. Thus, testing should be conducted in a rigorous way in
multiple animal models, with varying degrees of illness or injury severity (44, 98). There is
ongoing debate regarding the advantages and disadvantages of using animal models in
trauma research, and this is appropriate (72, 80). The development of new, and the
modification of existing animal models is important in order to bring effective treatments to
a wide range of patients.

More animal studies are needed to better understand the role of obesity-associated
inflammation, mitochondrial dysfunction, malnutrition, and cardiovascular, metabolic, and
autonomic disorders and how these factors may affect the pathophysiological responses to
critical illness. Additionally, studies should seek to determine why obesity might be
protective in certain critical illnesses while it appears to be detrimental following trauma.
With the current focus on personalized medicine, it will be increasingly important to treat
individual critically ill patients with special attention to their comorbid conditions. Because
of the sustained increase in the prevalence of obesity and associated metabolic dysfunction,
this will continue to be an important area of future research.
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Table 1

Summary of commonly used animal models of obesity

Model name

Mutation

Hyperphagia

Hyperglycemia

Insulin Resistance

MONOGENIC MUTATIONSIN THE LEPTIN PATHWAY

Lep©0/Lep®(leptin

mouse

ob/ob mouse deficiency) + +- +
db/| andb(lepti
db/db mouse Lep®/Lep®(leptin i ¥ "
receptor)
mutated leptin .
Zucker rat receptor (fa/fa) * + *
mutated leptin
ZDF rat receptor (fa/fa) * * *
POMC knockout - _
mouse POMC deficiency + +/ +
POMC/AgRP double | POMC and AgRP . - +
knockout mice deficiency
MC4R knockout melanocortin 4 . - +
mouse receptor
melanocortin 4
MC4R knockout rat receptor + +/- +
MC4/MC3 receptor
double knockout + +/- +
mouse
DIET-INDUCED MODELS; POLYGENIC MODELS
Dlet-EnDdchJ;:)e?a?bese Polygenic " - n
Cafeteria diet .
induced obesity Polygenic * - *
ngh-f:sgbdéseitt;nduced Polygenic + - +
New Zealand obese Polygenic . " "
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Table 2

Factors to consider when choosing an animal model of critical illness

Small animals (mice, rats, guinea pigs) vs. large animals (dogs, pigs, sheep, monkeys)

Costs, staffing, and facilities

Sample (e.g. blood, tissue) sizes

Ease of procedures/transport/care
Physiological/genetic similarities to humans
Availability of transgenic models

Ethical considerations

Auvailability of reagents

Interanimal variation

Need for functional/behavioral outcome measures

Healthy vs. comorbid conditions

Modified and updated from Tsukamoto and Pape (16)
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Table 3

Overview of animal models of critical illness

Type of critical illness

Experimental variablesto consider

Hemorrhage

Controlled (fixed volume or fixed pressure) vs.
uncontrolled

Length of bleed, duration kept at low volume/pressure
Type and extent of resuscitation

+/- anticoagulant use

Blunt trauma
(with or without hemorrhage)

Extent and location of soft tissue injury, fracture, or
chest trauma
+/- hemorrhage

Traumatic brain injury

Mechanism and severity of injury
+/- hemorrhage

Sepsis Method for sepsis induction
Dose/route/virulence of bacteria/toxin used for induction
Type and extent of resuscitation
+/- antibiotic use

All types Clinically relevant timeline of measurements

Outcomes and variables measured
Reversible vs. irreversible insult
Reproducibility of insult

Type of anesthesia/analgesia

Single vs. multiple pharmacological agents
Sex, age, strain, species of animals
Sources of experimental bias

Consistency in animal husbandry and care
Appropriate statistical testing and power
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