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Abstract

Pulmonary fat embolism may not be diagnosed before unrelated autopsy and
have little clinical impact or lead to acute lung injury with fulminant fat embolism
syndrome (FES). The fat may come from various anatomic locations, bone mar-
row being the most common. There is no specific treatment. This review discusses
animal models that can lead to a better understanding of pathophysiological
mechanisms underlying this condition and indicates the importance of specific
cellular constituents. A hypothesis is postulated that there is a vicious cycle involv-
ing oleic acid and angiotensin II (both of which are pulmonary toxicants): oleic acid
is derived from lipid embolism by pulmonary lipases that are stimulated by angio-
tensin; oleic acid also promotes local generation of angiotensin. The potential role
of fatty acid receptors and the resolution of this cycle are discussed. Studies show
there is potential for long-term effects that might not be revealed in the immediate
post-recovery period. Evidence is reviewed that animals are vulnerable to “second
hit” effects at a time remote from the initial event. Some beneficial pharmacologi-
cal treatments are described. These include different drugs acting on the renin-
angiotensin system (RAS) that could eventually serve alone or in combination for
treatment or prevention. Future therapeutic developments are discussed.
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1. Introduction

Fat embolism was described many years ago. As early as 1862 [1] as cited ina
1971 review by Herndon [2], there was a report of fat droplets in the lungs of a
factory worker who died after a crushing injury to his chest and abdomen. The
term “fat embolism” itself includes many types of conditions in which some type of
fatty substance is embedded in a tissue remote from its source. The most common
source is from bone marrow that escapes into the venous system after trauma and
surgery, including bone marrow reaming [3], liposuction [4], fat injection [5], or
necrosis, as in sickle cell disease resulting in acute chest syndrome [6]. There are
also some forms that do not result from trauma or surgery [7]. What distinguishes
fat embolism from other strictly physical forms is that in addition to the physical
obstruction of the vasculature that can accompany the lodging in capillaries, there
are also biochemical consequences in response to the ensuing lipid metabolism and
also pathological processes that are triggered intracellularly after engulfing of the
fat. The most common target for embolic fat is the lung, but other significant sites
include the skin, the eyes, and the brain with subsequent clinical sequelae [8].
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The clinical consequences of fat embolism have been reviewed many times over
the years, including this year [8]. The symptoms may be so minor that they can be
missed [9] or appear after an interval as much as 48-96 h leading to acute respiratory
distress syndrome [ARDS] with mortality ranging from 10 to 15% [8, 9]. This has
been called fat embolism syndrome [FES], sometimes with accompanying CNS [10],
ocular [11] or dermal pathology [12]. Treatment has been supportive: recent reviews
indicate that there is no specific treatment available [8, 12]. Although a patent foramen
ovale is sometimes a contributing factor in systemic consequences of fat embolism, for
instance, in the eye and the brain, this is clearly not the case in most cases of FES.

Therefore, there have been many attempts to produce an animal model in
hopes of delineating the underlying pathophysiology, so specific treatment could
be obtained. Animal models have included rats [13], mice [14], rabbits [15], dogs
[16], sheep [17], pigs [18], and even baboons [19]. While a majority of these studies
have focused on orthopedic-related problems [20], it would help to examine a wide
variety of initiating causes in order to find some common underlying pathophysi-
ological processes. This might lead to more specific methods to treat or prevent
this condition before the array of downstream mediators, such as peptides and
cytokines, have been activated. The aim of this chapter is to review what has been
learned from the diverse animal studies and provide one unifying concept based on
the role of the renin-angiotensin system as a key player in fat embolism syndrome.

2. Studies on bone
2.1 Reaming and nailing

In order to simulate in animals the surgical procedure used in humans that can lead
to fat embolism syndrome, a number of different animals have been subjected to nail-
ing, with or without reaming [3]. It was concluded that more experiments should be
carried out in order to determine the optimal method to perform the surgical proce-
dures. It was also made clear that other factors influence the development of systemic
and pulmonary complications [3]. A comprehensive review of animal studies of
intramedullary nailing concludes that events that may predispose to adverse postsur-
gical impact are important and that studies should take these into consideration [20].

2.2 Bone marrow fat and non-bone marrow fat injection

A number of studies have been carried out with infusions of bone marrow
extracts or non-marrow fat. An excellent review on animal studies of acute lung
injury, which includes oleic acid as a possible model for fat embolism, indicates that
this model does not really mimic the clinical syndrome of FES [21]. In addition, a
study on rats showed that the intravenous injection of oleic acid, unlike neutral fat,
did not result in the deposition of fat droplets [22].

A study on liposuction in rats performed on the lateral flank and the abdomen
showed that fat was delivered to the lungs and other organs [23]. Some animal stud-
ies on fat embolism have utilized subcutaneous fat [22]. This has clinical parallels in
which subcutaneous injection in humans has caused fatal fat embolism [24].

3. Triolein: the prototype fat embolism model

Since neutral fat seems to be the main culprit in fat embolism and is the major
fat in bone marrow and subcutaneous tissues [25] and pulmonary emboli [26], the
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neutral fat triolein has been the most studied in vivo and in vitro. Although a number
species have been studied, the rat has been studied the most, particularly after the
groundbreaking work of L.F. Peltier [27-29]. He studied fat embolism in cats and dogs
but mostly in rats. This work included description of the fat content of bone marrow
and body fat, distribution of labeled triolein after iv. injection, changes in blood and
lung lipase after embolism, kinetics of the phenomena, and other studies in animals
and patients. Some advantages of triolein studies in the rat are described below.

3.1 Advantages of triolein and our model

Triolein [glyceryl trioleate] is available as a pure liquid that can be injected iw.
directly or after emulsification. We have used conscious animals since there are
studies indicating that anesthesia alters pulmonary response to fat embolism [30].
Although oleic acid is a well-known pulmonary toxicant, as mentioned above, it is
not a suitable model for fat embolism syndrome. The conversion of triolein to oleic
acid by pulmonary tissue [31] provides support for the proposed sequence of events
postulated by Szabo [32].

3.2 Findings in the conscious rat triolein model of fat embolism
3.2.1 Time course of changes in pulmonary histopathology

Initial histopathological studies on the time course of triolein-induced lung injury
revealed changes as early as 12-24 h which included thickening of the arterial and arte-
riolar media, mostly with myofibroblasts and inflammation in the septa with increased
numbers of macrophages. Bronchial alveolar lavage (BAL) at 24 h revealed macro-
phages, some of which showed inflammatory response and fat droplets. Inflammation
was still present at 11 days with damage to the bronchial epithelium [33].

Later studies at 3 and 6 weeks showed that after the first peak [48-72 h] and
partial resolution, there were persistent and progressive inflammatory and fibrotic
changes up to 6 weeks after injection of triolein [34]. This was associated with an
increase in angiotensin peptides [34], implicating the renin-angiotensin system
(RAS) in the pathophysiology (see below).

In order to determine if the lungs of the animals at this late time would be
especially sensitive to another pulmonary insult, the animals were exposed to the
known pulmonary toxicant lipopolysaccharide (LPS) at 6 weeks. Forty-eight hours
after this “second hit,” there was an enhanced histopathological response in animals
previously exposed to triolein [35].

These animals had apparently recovered completely at 6 weeks from the initial
triolein treatment as judged by normal weight gain and no observable behavioral
changes. It was concluded that the compromised lungs seen at 6 weeks exposed the
vulnerability of animals long after they had seemingly recovered. The histopathol-
ogy was also found at 10 weeks along with the persistence of some small fat droplets
extracellularly and also in some macrophages [36] [see below].

4. Role of the renin-angiotensin system

Because the renin-angiotensin system (RAS) has been implicated in a wide
variety of other pulmonary experimental models [37, 38], we examined whether this
might hold true for the fat embolism model, and in fact it has since been proposed
that most forms of pulmonary inflammatory disease involve the RAS, but that list
did not include fat embolism [39]. We found that three different agents that interfere
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Figure 1.
Triolein increases lung venin staining: enhanced by captopril and losartan [64].

with the RAS were found to ameliorate the pulmonary damage found at 48 h after
triolein: the angiotensin-converting enzyme (ACE) inhibitor captopril [40], the
angiotensin II type 1 receptor blocker losartan [40], and the renin inhibitor aliskiren
[41]. In addition, it was found that the remaining inflammation that was evident

at 6 weeks was also reduced when losartan was given at this late time period and

the animals were sacrificed 4 weeks later (10 weeks after the initial exposure to
triolein) [36]. These results suggest that angiotensin II, produced by the angiotensin-
converting enzyme (ACE) and acting on the type 1 receptor, is a critical pathological
actor in the pathophysiology of fat embolism both acutely and after a substantial
delay. However, it does not indicate precisely where this peptide comes from or how
it is formed. All of the components of the RAS have been found or implicated in the
lung [42]. Possible players in its formation prior to ACE activity could be renin or
prorenin that is catalytically active when bound to its receptor [43]. Furthermore,
other angiotensin peptides with anti-inflammatory and antifibrotic activity could

be counterbalancing forces as well. Most of the extrarenal renin is in the form of
prorenin which also has angiotensin-independent pro-fibrotic properties [44-46].

There are many possible cells that could provide components of the RAS to the
pulmonary inflammatory process. These include mast cells [47], fibroblasts [48],
myofibroblasts [49], vascular smooth muscle [50], and macrophages [51].

There are a number of studies suggesting a critical role of mast cells in RAS media-
tion of pulmonary pathology [52-54]. It has been suggested that activated macrophages
stimulate pulmonary mast cells to release renin and the subsequent production of
angiotensin peptides leads to adverse reactions [54]. Mast cells have also been shown
to stimulate fibroblasts in the lung [55]. Triolein increases mast cell accumulation in a
chronic model, and their appearance is reduced by losartan [56], and aliskiren reduces
the triolein-induced increase of mast cell number found at 48 hours [57]. Another mast
cell enzyme that has been implicated in angiotensin formation is chymase [58, 59]. It
is known that there is mast cell heterogeneity in rodents and humans [60-62], and in
humans this includes the presence of renin and its localization within the lungs [62].

In support of the importance of renin/prorenin in fat embolism, we have found
an increase in renin staining at 48 hours (Figure 1) and 6 weeks after triolein-
induced fat embolism [63, 64].

5. The nexus of fat metabolism and action and the RAS in the lungs
It has long been speculated that angiotensin II, acting through the type 1 recep-
tor, was a primary inflammatory molecule [65]. In recent years it has become appar-

ent that angiotensin II acting through its type 2 receptor has anti-inflammatory
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actions [66] and the literature on similar anti-inflammatory actions through the

Ang 1-7/Mas receptor have exploded [67]. It appears that the pathophysiological

state of the lungs is a balance between the pro-inflammatory, pro-fibrotic arm of
the RAS, and the counterbalancing peptide/receptor activity. It is not surprising

that Ang 1-7 has been found to have beneficial effects in the lung [68, 69].

How is the renin-angiotensin system activated in fat embolism, and what is the
connection to fat (neutral and fatty acids)? One suggestion based on the work of
Gonzalez et al. [52, 54, 70] would have a sequence of fat engulfment by macro-
phages, and subsequently the activated cells would release monocyte chemoattrac-
tant-1 (MCP-1) that stimulates mast cells (nearby or remote) to release renin and
angiotensin generation. However, activated macrophages themselves might act in
an autocrine or paracrine manner to release renin, and there is evidence for intra-
crine generation of angiotensin as well [71, 72]. There may be intracrine actions of
angiotensin as well on mitochondria and nuclei.

If the RAS is involved in many aspects, including initiating a cascade of down-
stream malevolent molecules, where does the fat enter the picture? As a host of
review articles have discussed, there is a strictly mechanical phase during which
the fat emboli obstruct capillaries and cause a short-term hypoxia. It is known that
hypoxia itself can lead to pulmonary dysfunction and this can be offset experimen-
tally by angiotensin-converting enzyme inhibition (ACEI) [73] and is associated
with an increase in circulating angiotensin peptides [74].

It is clear from the vast literature on metabolism of fat after embolism that most
of the lipolysis of neutral fat (mostly triolein) takes place near pulmonary endothelial
cells that convert triolein to the toxic oleic acid by lipoprotein lipase. It is now known
that oleic acid, although not thought to enter cells [21], can activate its own fatty acid
receptor (FFAR/GPR120) which can evoke pulmonary edema [75, 76]. Interestingly,
the toxic effects of oleic acid (including pulmonary edema) are antagonized by the
non-specific angiotensin receptor blocker 1-sarcosine, 8-isoleucine angiotensin II
[77]. This implicates angiotensin II in another way as a key mediatory in pulmonary
pathology. It has also been reported that oleic acid and angiotensin II are synergistic
in promoting a mitogenic effect in vascular smooth muscle [78]. Oleic acid emanating
from triolein thus is a co-conspirator in evoking pulmonary (and probably other)
pathological conditions, such as cerebral fat embolism [10, 79]. Pathways that oleic
acid and angiotensin utilize in producing pathological responses are listed in Figure 2.

5.1 A vicious cycle of oleic acid and angiotensin II in fat embolism syndrome

To explain how the sudden appearance of fat in the pulmonary circulation can
sometimes produce an acute respiratory distress syndrome and why the neutral fat
(primarily triolein) has the potential to lead to longer-term pulmonary damage,
the following hypothesis is presented (Figure 3). The initial mechanical phase
of vascular obstruction which leads to hypoxia is known to be ameliorated by the
angiotensin receptor blocker losartan [80].

The delayed metabolic phase is related to breakdown of the most abundant fat
in emboli which is hydrolyzed by several triglyceride lipases to yield oleic acid.
These include endothelial lipase (EL) and lipoprotein lipase (LIPL) [81, 82] as well
as macrophage LIPL [83]. This in turn leads to the evolution of free fatty acids,
mainly oleic acid, which is toxic to the endothelium and is released in part in close
proximity to endothelial cells. Macrophages become activated after phagocytosing
lipid particles which leads to paracrine and endocrine activation of mast cells that
induces angiotensin generation [54].

In addition, there is generation of angiotensin and oleic acid intracellularly in
macrophages (both of which are toxic to mitochondria [84, 85]). Since oleic acid
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Mechanical: capillary blockage — hypoxia — RAS activity
— Ang Il — Cytokines & NADPH oxidase — free radicals

Biochemical: Lipolysis triolein (T)— oleic acid (OA)
Intravascular: Endothelial lipoprotein lipase (LPL) {OA
Extravascular:

OA activates FFAR receptors & 2nd messengers
increases lipid droplet formation
increases Ang release (directly or via prorenin)
OA & Ang I
1Ca** 1 pulmenary B.P., 1 bronchial constriction
(separate receptors and synergistically)
T uptake & lipolysis: Macrophage LPL 1 OA

Lipid phagocytosis {Activation t MCP1— activate
. mast cells (paracrine & endocrine)— renin/prorenin

Ang generation: macrophages, mast cells, fibroblasts,
myofibroblasts, alveoclar epithelial cells

Paracrine, autocrine, endocrine, exosome signaling
1 Inflammation, fibrosis
Intracrine: Ang & OA also act on mitochondria

Figure 2.
Fat embolism pathways.
OA —> Ang
IipolysisTinlein lipolysis
Ang € OA
Figure 3.

Oleic acid-angiotensin cycle: OA 1 Ang release; Ang 1 triolein lipolysis.

has been shown to increase angiotensin II release from several cell types [86] and
angiotensin increases the expression of various lipases [87], the cycle continues
until rescue mechanisms ensue (Figure 4). It should be noted that losartan and
perindopril, ACE inhibitors, prevent fatty acid-induced endothelial dysfunction
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Clearance by opening of blood vessels
Clearance of lipid droplets: lymphatic and renal
Metabolism and uptake of neutral fat
Metabolism of oleic acid

Metabolism of angiotensin IlI: angiotensinases
Actions of Ang Il on AT2 receptors

Actions of Ang (1-7) on Mas receptors

Figure 4.
Repair mechanisms for fat embolism.

in humans in response to elevated blood lipids [88]. Furthermore, oleic acid also
increases serum renin and angiotensin, and its effects on pulmonary edema are
blocked by blocked by an ACE inhibitor [89].

Most cases of fat embolism do not lead to fat embolism syndrome because the
amount of the fat is not of sufficient volume or due to the countervailing mecha-
nisms. These include actions of angiotensin II on AT?2 receptors, metabolism of
angiotensin I by angiotensinases, anti-inflammatory actions of its metabolite,
angiotensin (1-7), metabolism of oleic acid, clearance of lipids via vascular or
lymphatic channels, and ultimately renal excretion (Figure 4).

6. Conclusions and prospects

It is proposed that elements of the renin-angiotensin system are central mediators
of tissue injury after fat embolism. Although hypoxia due to capillary blockage is a
contributing factor to lung injury, oleic acid liberated from triolein hydrolysis is a
crucial step, and it also is associated with angiotensin biology. Angiotensin II through
its type 1 receptor is the major offender. Our animal experiments have indicated that
three US Food and Drug Administration (FDA)-approved drugs (captopril, losartan,
and aliskiren) may have protective value as mentioned above. However, in a clinical
setting where trauma or surgery may be involved, stability of blood pressure may be
compromised by these agents. Therefore, it is suggested that some of these types of
agents (or a combination) could be administered by inhalation.

Rather than antagonizing the angiotensin II generation with ACE or renin
inhibitors or angiotensin type 1 activity with antagonists (ARBS), it may be possible
to treat/prevent fat embolism injury by stimulating the angiotensin type 2 receptor
(AT?2) with peptide or non-peptide agonists such as C21 [90]. Another possible ther-
apeutic approach would be to activate the ACE2/angiotensin [1-7]/MAS axis with a
peptide or non-peptide agonist, such as AVE0O091 [68]. A more promising avenue for
preventing or treating fat embolism will more likely be satisfactory if multiple points
of the early stages of the pathophysiology are attacked simultaneously. That would
include not only the RAS drugs mentioned above but also possibly mast stabilizers
that can be given by the inhalation route and some of the newly described drugs that
act on the FFA receptors mentioned above. In addition it is possible that some of the
newer triglyceride lipase inhibitors could be of value as preventive treatment.

Although the emphasis in this review is on pulmonary fat embolism, there is
ample evidence from clinical experience and animal experiments that the eyes,
particularly the retina, are frequently targets of fat embolism. Both triolein and
oleic acid have been implicated in ocular pathology [91, 92], and the RAS is thought
to be an important mediating system in many ocular diseases [93].
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Another non-pulmonary target of fat embolism in clinical FES is the brain, and
cerebral fat embolism can be fatal [94]. Although a patent foramen ovale is some-
times an important factor in cerebral fat embolism, this is clearly not the case in
many instances, and animal models have not provided any new insights of cardiac
defects being major players. In a rat model, there is some evidence that cerebral fat
embolism may involve a serine protease [79] and maybe this could be related to a
non-renin generation of angiotensin by a chymase-like enzyme. The RAS is now
believed to be important for much CNS pathology [95].

There now is reason to be optimistic that the next comprehensive review of fat
embolism syndrome will describe some new available therapeutic options based on
animal experiments. This reinforces the goal of animal experiments to delineate the
pathophysiological mechanisms underlying human disease, so specific treatment
can be implemented.
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