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One of the most basic problems of burn science may well be the
confusing nomenclature we use. The word ‘burn’ is used io
identify several different mechanisms of tissue injury. This article
describes the problem of accurately characterizing and defining
the various burn injuries on the basis of molecular events. The
most important objective is to distinguish between the various
physicochemical injuries on the basis of differences in their funda-
mental physicochemical mechanisms and physiological conse-
quences.  Also,  pathophysiologically  important  biophysical
processes such as the central importance of cell membrane perme-
abilization in acute cellular necrosis, which different types of burn
injury have in common, are emphasized. The biophysics of
membrane formation and permeabilization is presented to clarify
the conditions for membrane damage as well as to discuss the
potential for therapeutic intervention. Where feasible, plausible
new strategies o reverse the molecular alterations caused by
mjury are hypothesized, Copyright © 1996 Elsevier Science Ltd
for ISBI.
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Introduction

The prime objective of the trend toward molecular
medicine is to devise ways to reverse or correct
molecular pathophysiology caused by injury or
disease processes. This dream, which may have
seemed unattainable several years ago, is now on the
verge of reality, and in several notable cases has been
achieved. To apply this strategy to burn injury, it is
necessary to know the molecular alterations resulting
from physicochemical damage of lipids, proteins and
genetic material. The capability to solve a problern
nearly always requires having a clear definition.
Thus, progress toward reversing or correcting
damage due to burns is predicated on accurately
discriminating and naming the molecular events
involved. For the purposes of this discussion, the
term physicochemical is used in reference to
chemical events driven by physical forces acting at
the molecular level. This would included heat-
induced molecular changes such as macromolecule
denaturation; electric force effects such as electrocon-
formational coupling and membrane electroporatior;

frostbite-related ice crystallization leading to
membrane disruption; and free radical-mediated
effects such as that caused by toxic doses of ionizing
irradiation.

Regrettably, the naming of the various types of
burn injury has been somewhat ambiguous. Even
today, injuries caused by electrical, chemical, radia-
tion and thermal events are generally referred to as
‘burns’, despite the fact that the specific pathological
molecular physics of these damaging processes are
quite different. Thus, it is necessary to develop ways
of communicating about these injuries that convey
an understanding of the underlying pathophysiology
and clinical manifestation. To begin, the origin of the
problem must be addressed. The common macro-
scopic manifestations of physicochemical injuries,
especially to the skin, caused by thermal insult,
caustic chemical exposure (typicaily acids and bases,
or strong reducing/oxidizing agents), exposure to
ionizing radiation or electrical shock have consider-
able visual and physiological similarities. These
injuries lead to inflammation and pain as well as
changes in tissue appearance. These similarities in
response to injury and approaches to therapy explain
the application of the name ‘burn’ to these
non-thermal injuries. As in other aspects of medicine,
the naming of disease processes has required refine-
ment accompanied with increased understanding.

In this review, an attempt will be made to describe
the molecular basis and biological consequences of
several types of injuries typically accumulated under
the umbrella term "burn’ (Table I).

Thermal burn injury
Thermal burn is the term most often given to the

damaging supraphysiological temperature effects

Table 1. Physicochemical injuries called ‘burns’

Acid Flash
Alkali Friction
Brush Sun
Cement Radiation
Electrical Scald
Flame Thermal
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caused by heating tissue. It is generally appreciated
that the effects are related to damage to proteins and
that grossly visible changes in tissue follow. To
understand the fundamental molecular basis of
thermal burns, we must first recall that temperature,
as defined by Boltzmann (Figure 1), is a measure of
the kinetic energy of a moving object’. The relation-
ship is defined by:
kineti
7 netic energy M
ks

where T is the absolute temperature (°K) of the object
and k; is Boltzmann's constant. Specifically, the time
average speed v of a monoatomic molecule in free
solution at temperature T is defined by the
relationship:

kT = mv? (2)

where m is the mass of the molecule with a speed v.
As temperature rises both the molecular momentum
transfer between colliding molecules and the
frequency of intermolecular collisions increase. When
sufficient energy is transmitted, alteration in molec-
ular conformation can take place. As a consequence,
at supraphysiological temperature the probability

Figure 1. Photographic portrait of Boltzmann (circa 1990).
Boltzmann was an important chemical physicist who
provided a working physical understanding of
temperature.

that proteins and other macromolecules will lose
their native structure increases.

There are two conceptually different potential
outcomes for the denatured protein which depend
on the initial molecular structure and configuration.
This can be best appreciated by examining the
chemical reaction energy coordinate graph in Figure
2. The first possibility occurs when the native folded
state of the protein, held by intramolecular bonds, is
different from the most favoured configuration if no
bonds were needed to maintain the native folded
state. When this protein is heated, the intermolecular
bonds are broken and it denatures to one of several
preferred lower energy states from which it will not
spontaneously retwrn to the native conformation.
Conceivably, if the primary structure of the protein is
undamaged it may be plausible to reconfigure the
protein using similar chaperon-assisted mechanisms
which established its initial folding after biosynthesis.
The second possibility occurs when the native folded
state of the protein is the same as the most preferred
protein conformation in the absence of intra-
molecular  crosslinks.  Because the preferred
configuration of a non-crosslinked protein is
temperature dependent, the protein will heat
denature into conformations that are different from
the preferred conformations at normal operating
temperature. The free energy G, and hence relative
stability, of any state of a protein is governed by
competing tendencies: the tendency to form as many
bonds as possible, measured in units of enthalpy H,
and the tendency to be as disordered as possible,
measured in units of entropy S. The entropy S has to
be multiplied by temperature to get the energy.
Thus, the free energy is given by the relation?
G=H-TS. In Figure 2, G is colour coded: orange is
lowest energy and violet is highest energy. We have
plotted G for a hypothetical protein that can change
conformation between several gates of the protein.
The conformational range of the first site is scaled on
the vertical axis and the second site is scaled on the
horizontal axis. Real proteins would have more
dimensions, however this two-dimensional chart is
useful to illustrate both consequences of heat
denaturation. At normal body temperature T, the
functional configuration of the protein is shown at
position U (undamaged). When the temperature is
raised to a higher level T,, the landscape changes, the
denatured form has the lower energy and the activa-
tion energy barrier is much lower. It is now
energetically favourable for the protein to denature,
reaching the most favoured damaged state at
position D (damaged). When the temperature is
lowered back to the normal body temperature the
landscape changes again, effectively trapping the
protein in the damaged state. If the lowest energy
state U is the native state of the protein then the
damage process is spontaneously reversible. The
speed of spontaneous recovery is dependent on the
height of the energy barriers along the most
favoured recovery path (dotted line).

The speed of the transition from natural to
denatured states is governed by the Arrhenius rate
equation which states that when the kinetic energy
of the molecule exceeds a threshold magnitude E,
transition to the denatured state will occur. For a
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large number of molecules at temperature T the
fraction with a kinetic energy above the E is
governed by the Maxwell-Boltzmann relation®:

E
F—exp (k T> @)

where k; is Bolizmann's constant. Because the
strength of bonds retaining the folded conformation
of macromolecules is very dependent on the nature
of the chemical bonds, the value of E is dependent

on molecular structure. Despite this complexity the
net rate of denaturation of cellular structures
containing many different proteins is also often
describable in terms of equations (2) and (3). For
example, the accuracy of these equations in
describing thermal damage to cell membranes has
been reported*®. Even the thermal injury to intact
tissues such as human skin is reasonably described
by this simple equation (3). It has been known for
more than 50 years that the rate at which damage
accumulates in heated skin can be estimated by
convolving equation (3) with the temperature
history.

The resulting expression is called the ‘heat
damage’ equation”:

dQ ST @
dt B

where Q is a parameter reflective of the extent of
damage, and A is a frequency factor that describes
how often a configuration from which reaction is
possible occurs, which is also very dependent on
molecular structure. The shape of the curve predicted
by equation (4) is indeed the same as the human
experimental skin temperature-time scald burn
curve of Figure 3 measured by Henriques and
Moritz®. This temperature—time curve shape has also
been obtained for heat damage to isolated cells®.

Because the bilayer lipid component of the cell
membranes is held together only by forces of hydra-
tion, the cell membrane is probably the most vulner-
able structure to thermal trauma'. Even at
temperatures of only 6°C above normal (i.e 43°C), the
kinetic energy of the molecules in the cell
membranes can exceed the hydration energy barrier
which holds phospholipids in the membrane as a
supramolecular assembly’. In effect, the warmed
membrane goes into solution in the surrounding
water, rendering the membrane freely permeable to
small ions.

Electrical injury

Electrical burn is the term used to refer to injury
caused by exposure to supraphysiological electrical

Figure 2. A common paradigm in chemical and biological
physics is the representation of transitions between states
of a system in terms of the diffusion of a hypothetical
particle on a potential energy surface, such as shown in the
figure for an arbitrary protein in solution. Orange repre-
sents the lowest energy, green the next lowest, blue
follows, and red is the highest energy. As the temperature
is raised from T1 to T2, it becomes energetically favourable
to assume one of the denatured states along the path
shown by the arrow. Upon cooling, the energy surface for
the protein returns to its normal physiological topology.
However, the protein is transiently trapped at state D since
direct return to U is energetically improbable over the red
hill. Eventually, the protein could return via the inter-
mediate state I, but there are many potential denatured
energy configurations and the probability of reaching its
native undamaged site is small.
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currents. By the inclusion of ‘burn’ in the term refer-
ence is alsoc made to the longheld view that the
mechanism of electrical shock injury is mediated by
heat effects. Recently, it has become well known that
the passage of electrical current through tissue can
produce damaging effects by two fundamentally
different physicochemical processes. One generally
appreciated mechanism is heat exposure caused by
the Joule heating effects of current passage. The
other, more recently described mechanism® is due to
the direct action of electrical forces on the electrically
charged or -electrically polarized components of
tissue. Both mechanisms ultimately lead to alteration
in molecular conformation and/or disruption of
macromolecular structures such as proteins or the
lipid bilayer of membranes. A fundamental distinc-
tion between heat and electric force mediated molec-
ular effects is the mechanism of energy transmission
to the molecule(s). In contrast to thermal forces
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Figure 3. Kinetics of heat damage accumulation in tissue
seems to follow closely the behaviour of a single chemical
reaction despite the complexity of tissue molecular

structure.

which are random in direction and over time average
to zero, electric forces produce effects on macromole-
cules by direct vectorial electrical coupling.

Another important distinction between electric
force effects and heating effects is that tissue struc-
tures with dimensions much larger than that of a
macromolecule are influential in electrical effects. For
example, the vulnerability of a cell to electrical
damage is rleated to its physical dimensions (Figure
4), whereas vulnerability to supraphysiological
temperatures is not. In addition, because of the
nature of the coupling between electrical energy and
materials, electrical effects are frequently dependent.
For human contacts, strong frequency dependence of
damage mechanisms does not occur until the
frequency is at or above the order of 10 000 cycles/s
(i.e. 10 kHz) as summarized in Table II. However,
because the vast majority of electrical injury contacts
involve commercial electrical power which has
operating frequencies between 0 and 60 Hz, the
effects of frequency can be neglected.

Characteristically, the damage sustained by a cell
injured by a pure electrical mechanism is quite
different from that of a cell injured by pure supra-
physiological temperatures. The pathophysiological
significance of these differences is substantial. First,
the distribution of injury through the cell is different.
This is a consequence of the structure of cells, as
illustrated in Figure 5. Because the cytoplasm and
extracellular fluids have similar ionic strength, they
are both good electrical conductors relative to pure
water or oils. The electrical conductivity of the cell
membrane, however, is characteristically 10°-10° fold
less than the surrounding media. From the simplest
physical perspective, the cell can be described as an
insulating shell the a highly conductive interior and
exterior. Consequently, electrical current established
in the extracellular space is to a large degree shielded
from the cytoplasm by the electrically insulating cell
membrane. This shielding limits the voltage drop
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Figure 4. Distribution of current flow and electric force lines (solid) around cells exposed to the same applied uniform
electric field. The current (and field lines) are solid. Lines of constant voltage (dashed) run perpendicular to the field lines.
In effect, the cell membrane blocks flow of current into the cytoplasm, thus there are no solid or dashed lines in the
cytoplasm, thus it is opotential throughout. The voltage difference across the membrane depends on the position on the
membrane and the physical size of the cell, i.e. AV, o«cE /2. Large cells experience larger maximum induced transmembrane
potentials because the voltage drop across the length of the cells scales with the length of the cell in the direction of the field

lines.
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Table II. Important frequency ranges of electrical injury

Frequency Description Biological effect

DC - 10 kHz Commercial electrical power Joule heating; destructive cell membrane potentials
10 kHz to 10 MiHz Electrothermy Joule heating; dielectric heating of proteins

10 MHz to 10 GHz Microwave Dielectric heating of water

10*" Hz and higher lonizing irradiation (ultraviolet, X-ray, cosmic, alpha, Generation of reactive oxygen intermediates

electronic, gamma irradiation)

within the cytoplasm. If the membrane was a perfect
insulator, the voltage in the cytoplasm would be
uniform throughout. With current flowing around
the cell, the voltage on the external surface of the cell
changes and sets up an ‘induced’ transmembrane
potential which varies according to position on the
cell membrane. This induced transmembrane poten-
tial will range from zero at the axis of symmetry to a
maximum at the extreme projections of the cell in the
direction of the current passage. There are several
reviews of this subject'"". Conceptually, the
maximum induced transmembrane potential will
scale with the total voltage drop along the outer
surface of the cell. However, the magnitude of the
induced transmembrane potential depends on the
size, geomeiry and orientation of the cell with
respect to the field".

Because the cell membrane is very thin in
comparison to the overall dimensions of the cell, the
electric field strength established in the membrane is
many fold greater than the field strength along the
outer surface of the cell. For example, a 1-cm-long
cell in an electric field of 150 V/cm will briefly experi-
ence a peak (because real membranes will not
tolerate such potentials) induced transmembrane
potential magnitude of approximately 75V.
Assuming a membrane thickness of 10 nm, the corre-
sponding peak electric field magnitude within the
plasma membrane is 7.5 x 107 V/em which is of suffi-
cient strength to denature proteins and permeabilize
the membrarie (electroporation).

Electroporation
Bilayer lipid membranes cannot maintain their struc-
ture when the transmembrane potential magnitude is
too large. Structural defects or ‘pores’ are formed in
the membrane which effectively permeabilize the
membrane to ions and molecules as large as DNA™Y.
This electrically driven pore formation process,
termed electroporation, typically occurs with submil-
lisecond kinetics. The molecular physics responsible
for electroporation is still debated, but in general
involves the transport of water into molecular scale
pores in the cell membrane (Figure 6) until the size of
the pore exceeds a critical size (beyond which it is
energetically favourable for expansion rather than
pore closure). Supraphysiological transmembrane
potentials of greater than 600-800 mV are required to
induce pores in the lipid bilayer. Unlike the rupture
of a soap bubble following pin prick, the growth of
pores in the bilayer lipid component of mammalian
cell membrane is thought to be restricted by
membrane proteins, which represent approximately
30 per cent of the total membrane mass. The kinetics
of pore formation is transmembrane potential
dependent within characteristic range of 10~ to 10!
ms. Electropores can be transient or stable.

When a 1-cm-long skeletal muscle cell is placed in
a saline conducting medium with a 150 V/cm applied
electric field, the membrane is rapidly electroporated
resulting in a large increase in membrane electrical
conductivity. As the conductivity of the membrane
increases towards that of the cytoplasm, the

Pore enlarg’ement ’
("electroporation")

t
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membrane electric field decreases and the cytoplasm
field strength increases, both approaching that of the
externally applied field**. The drop in the membrane
field strength limits further membrane permeabiliza-
tion. Although the intracellular field strength reaches
that of the extracellular field, the intracellular
membranes are not electroporated because of the
relative small size of intracellular organelles. Unlike
thermal injury in which all membranes and macro-
molecules are affected, damage resulting from
electrical forces is typically restricted to the plasma
membrane’’.

Electroconformational protein denaturation

Many membrane proteins span the entire thickness
of the membrane. Generally, these proteins are
composed of amino acids with acidic and basic side
groups which can be acted upon directly by an
intense intramembrane electric field. In addition to
this mechanism, amino acids of these proteins are
electrical dipoles which can align along the length of
the transmembrane protein to create a large electric
dipole that can also be acted upon by the field.
Typically each amino acid unit contributes an electric
dipole moment of about 3.5 Debye (D) to the entire
protein®. In the o-helical structure of protein, many
small peptide dipoles are aligned almost perfectly to
form a larger dipole in the order of 120 D across the
cell membrane. In general, a molecule under a strong
electric field will tend to shift to a greater dipole

Before injury

a) b)
After Thermal Injury

After Electrical Injury

moment in the direction of the field. This can be
realized in several ways**:

1. Induced dissociation of ionizable side groups.

2. Induced separation of electrical charges along the
macromolecule.

3. Alignment of weak dipoles in a cooperative
fashion between subunits or monomers of a
protein complex.

4. Reorientation of permanent dipoles on the protein
within the direction of the field.

5. Induction of electrical dipoles by the applied field,
but changing conformational state associated with
a higher dipole moment or induction of dipoles as
a result of polarizability of the protein. The magni-
tude of the side of alteration of the o«-helical
conformation on the protein’s dipole strength can
be appreciated by realizing that the random coil or
p-helical structures have a relatively negligible
dipole strength.

If the field strength become sufficiently intense,
then the dielectric forces acting on the molecule can
actually carry out destructive changes which are not
spontaneously reversible. An example of this can be
seen in the data from Chen and Lee®, wherein the
shape of the induced action potential following a
500-mV electric shock to a frog skeletal muscle cell
membrane is altered. The alteration is consistent with
loss of function of the potassium channel. In
principle, these types of alterations can lead to
functional neuromuscular and sensory types of

c)
After Radiation Injury

Figure 6. a, Diagrammatic representation of heat-induced damage to the cell. Membrane lysis and protein denaturation take
place to an extent dependent on the thermal history. Membrane integrity is most heat labile and DNA is one of the most
heat stable components. b, Diagrammatic representation of the cell damage caused by brief exposure to large electric fields
typical of those occurring in high-voltage electrical shock. Here brief implies insufficient time to cause significant heating.
The direct damage in the form of electroporation and electroconformational denaturation of proteins is limited to the
membrane. Internal organelles and proteins are spared. ¢, Diagram of cell damage caused by ionizing irradiation. Proteins
and lipids are altered by chemical reactions with oxygen derived free radicals. Lipid peroxidation leads to membrane lysis
and nucleic acids are dimerized. Membrane lysis following very high doses (>50 Gy} leads rapidly to cell necrosis.
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disorders. A therapeutic strategy to correct this
problem must return the membrane protein to its
native state. If the primary structure of the protein is
intact, in theory it might be possible for the molecule
to spontaneously return to its native stable state. The
rate that this occurs can be influenced by increasing
the membrane temperature as much as possible
without heat damaging the lipid bilayer.

Microwave burns

In the presence of an alternating electric field
molecules that are electrical dipoles will attempt to
oscillate with the field. The oscillations will be
constrained by viscous drag of interactions of neigh-
bouring molecules and by structural bonding with
adjacent structures. Smaller molecules like water,
when not bound, are able to follow the field well into
the megahertz frequency range. Causing water,
which has a large dipole moment, to oscillate rapidly
is an effective method of increasing the water’s
thermal energy. This is called ‘microwave heating’
which is one type of dielectric heating. If the ampli-
tude of the field strength is constant, the heating rate
increases with frequency until the gviscous drag on
the rotating molecules prevents keeping up with the
field. Kitchen microwave ovens are tuned to couple
as efficiently as possible with the water.

Exposure to ambient microwave fields can cause
thermal burns. The microwave penetration into
physiological solutions has a characteristic depth of
the order of 1 cm. If the microwave frequency
current is passed by electrical wire directly to the
body it would cause more uniform heating across the
body. Tissue damage can occur that is essentially
thermal in nature.

When the applied field is oscillating the effects on
tissue are very frequency dependent. In the 10-100
mHz frequency range two types of heating occur,
Joule heating as previously discussed and dielectric
heating. Molecules that are electrical dipoles will
attempt to oscillate with the field, but the oscillations
are constrained by viscous drag of interactions of
neighbouring molecules and by structural bonding
with adjacent structures. Small molecules like water,
when not bound, are able to follow the field up to
the gigahertz (10° cycles/s) frequency range. Causing
water, which has a large dipole moment, to rotate
and tumble is equivalent to increasing its thermal
energy. This is called ‘microwave heating’. Given a
constant field amplitude, microwave heating rate
increases with frequency until the viscous drag
prevents keeping up with the field. With frequencies
above 1 GHz, the dielectric heating rate decreases
with increasing frequency. Common microwave
ovens are tuned to couple as efficiently as possible
with water. Because mobile ions also respond to the
field, there is Joule heating as well. However, micro-
wave heating is more significant because tissue water
content is much higher than dissociated salt. The
therapeutic technique of RF hyperthermia operates
according to the same mechanism.

Microwave electrical burns have different clinical
manifestations than low frequency electrical shock.
At low frequency the epidermis is a highly resistive
barrier. In the microwave regime, the electrical power

readily passed the epidermis in the form of ‘capacita-
tive’ coupling with very little energy dissipation.
Consequently, the epidermis is not burned. The
microwave field penetration into tissue has a charac-
teristic depth in the range of 1 cm, resulting in direct
heating of subepidermal tissue water. It is possible to
cause significant internal thermal damage without
surface burn by changing the position of the
extremity in the field.

Radiation injury

Radiation injuries are also called burns, although
heating has no role in the tissue damage caused by
ionizing irradiation. Radiation injury occurs
following exposure to damaging levels of ionizing
particle beam and electromagnetic irradiation, both of
which alter atomic structure which mediates the
damaging chemical reactions. The most common
radiation burn is excessive ultraviolet light exposure
during sun bathing which is often called a sunburn.
Ionizing UV light can only penetrate the very
thinnest layer of the epidermis. Higher frequency
electromagnetic fields such as X-ray or gamma rays
have sufficient energy to penetrate the entire body.
Mechanistically, electromagnetic waves of frequency
greater than UV light can energetically couple at the
atomic level leading to the formation of unpaired
electrons in the outer electron orbitals. Such high
energy irradiation acting upon biological tissues
produces protein, polysaccharide and lipid damage®.
The reactive species from photo-ionization of water
are primarily hydroxyl ions which are very reactive
against biological macromolecules. The reaction with
biological macromolecules leads to altered chemical
bonding and molecular structure and ultimately
blocks function. The hydrogen bonds of DNA and
other proteins are particularly vulnerable. This
vulnerability permits use of radiation for cancer
therapy and for other conditions in which cell
proliferation is to be blocked*.

Because there is no net electrical charge, free
radicals have free access to the lipid bilayer®.
Damage to the cell membrane leading to increased
permeability results from heavy exposure. The
precise molecular mechanics of membrane permeabi-
lization are still under investigation. Some investiga-
tors suggest that it is related to desaturation of
membrane lipids. The lipids in the membrane bilayer
have protons stripped from their carbon backbone,
leading to desaturation and bends in the structure®.
Polyunsaturated fatty acids require greater molecular
excluded volume and will self-aggregate by lateral
diffusion in the lipid bilayer. Aggregation leads to
bilayer instability and poration®.

Radiation ‘burns’ also occasionally result as a
complication of cancer radiotherapy. Skin wounds
develop in heavily irradiated areas as a result of loss
of epidermal and dermal cell proliferation potential.
In addition, the effects of loss of vascular capillary
function with resulting oedema and inflammation are
manifesed in tissue breakdown. Loss of proliferation
potential and the loss of expression of other proteins
are a manifestation of cellular genetic damage from
reactive  oxygen intermediate-mediated DNA
cleavage. At doses in excess of 80-100 Gray even
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postmitotic cells are killed from bilayer membrane
permeabilization*. Susceptibility to radiation injury is
variable from one patient to the next. The injury
mechanism is very different from thermal burns. The
thermal energy absorbed by even lethal radiation
doses is insufficient to raise the surrounding water
temperature measurably. Molecular medicine strat-
egies to correct the underlying problems would be
very different when considering heat-mediated and
ionizing irradiation-induced cell injury.

Chemical burns

While the specific molecular pathophysiology of burn
injuries is generally not considered, chemical burns
are the true exception. The immediate question
raised regarding a chemical contact is what molecular
alterations occur and what antidotes are known.

Hydrofluoric acid (HF) burn is an excellent
example. HF is a weak acid that can diffuse great
distances in tissue before it dissociates. However, HF
is very reactive towards calcium and binds calcium
from tissue, causing damage and severe pain. When
HF diffuses to the bone, bone material can dissolve.
The antidote is to provide intramuscular calcium as a
barrier between the HF and bone. Chronic low level
exposure results in leeching of calcium from bone.
Direct contact with caustic chemicals can also
damage tissue by two distinct processes. Direct
chemical alteration of extracellular matrix and cellular
molecules can occur. In addition, some chemical
reactions are exothermic or endothermic, resulting in
changes in tissue temperature. Of particular note in
this regard is concentrated sulphuric acid (common
industrially) which is very viscous. It is very
important not to directly flush with H,O, as the heat
of neutralization would be extreme and cause severe
thermal burn. Rather the affected area must first be
wiped with a dry towel, following which cold water
is appropriate.

Major differences and similarities in burn
injury
Exposure to  supraphysiological temperatures
primarily leads to molecular changes (‘damage’)
related to excessive intermolecular physical forces
between neighbouring molecules. Vulnerability to
thermal damage depends on molecular structure and
strength of bonds but not on cell size or shape. Thus,
the susceptibility to heat damage is quite similar
across different tissue types. The damage which
occurs is permeabilization of the cellular membranes,
protein denaturaiton and other secondary conse-
quences. Conceptually the changes in cell structure
due to heat exposure per se are reflected in Figure 6.
Macroscopically, changes in tissue optical properties
result because the optical properties of tissue depend
on the macromolecular form. Thus, the visible
changes that occur in heat burn are useful in
assessing the viability of injured tissue. This is not
the case in other types of physicochemical injuries.
Electrical current passing through the body will
produce a non-uniform injury pattern. In contrast to
what is found for thermal injury, cell size and tissue
structure are very important in determining vulnera-

bility to tissue damage. The long axes of most skeletal
muscle cells and nerve axons are oriented approxi-
mately parallel to the direction of the field lines.
Human forearm skeletal muscle cells can approach 8
cm in length and nerves cells are much longer®. The
transmembrane potentials experienced by these cells
and peripheral nerve axons would be significantly
larger than those epxerienced by non-parallel
oriented skeletal muscle cells or experienced by
smaller cell types such as fibroblasts or circulating
blood cells. From this perspective, it is not surprising
that skeletal muscle and nerve cells are the most
frequently damaged in electrical injury. Vascular
endothelial cells are connected together in such a
way that in principal creates a large cell effect®.
Figure 6 indicates the damaged state of a pure
electrical injured cell. The injury is primarily at the
site of the cell membrane. Macroscopically the
tissues’ appearance does not resemble thermal injury
because denaturation of proteins generally does not
occur.

Ionizing radiation and chemical injuries have in
common the ability to alter the primary structure of
macromolecules without pathologically significant
heating. Acute visible tissue changes result from
triggering of tissue inflammation by the cell injury.
The inflammation, particularly following a sunburn,
is very similar in appearance to that produced by
superficial thermal burns. In comparison to thermal
burn and electrical injury, the major damaging
effects on cells from irradiation injury are initiated at
the protein primary structure level. This is illustrated
in Figure 7. Renaturation is not possible, short of the
type of damage excision and repair which is
important for DNA protection®. In theory the
therapy for radiation injury must involve free radical
scavenging, DNA repair and sealing of permeabilized
cell membranes.

While the major emphasis of this review has been
the important differences that exist between the
various types of burn injuries, it is important to
recognize an important feature that these injuries
have in common: loss of cell membrane integrity.
Ionic compartmentalization, as permitted by the cell
membrane, is essential for the chemical processes of
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Figure 7. Although the molecular mechanisms are different
the central role of membrane damage in the pathogenesis
of cellular necrosis is well described for ‘burn’ injuries.
Thus, an important first therapeutic step may be to induce
membrane sealing.
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life”. The most basic function of the cell membrane is
to provide a barrier to restrict ionic transport and for
this purpose the delicate bilayer lipid membrane is
superb. The energy required to move solvated ions
across a pure planar phospholipid bilayer is an
aqueous environment approaches 100 kT, indicating
the strong impediment to passive ion-diffusion across
the lipid bilayer®. However, cell membranes are
typically 30 per cent protein. Many membrane
proteins permit and regulate membrane ion trans-
port, including gated, ion-selective channels, ionic
pumps or the establishment of other hydrophilic
transport pathways. Roughly, these protein effects
combine to make the mammalian cell membrane
approximately 10° times more conductive to ions
than the pure lipid bilayer”. Structural integrity of
the lipid bilayer component of the cell membrane is
essential for making possible the transmembrane
physiological ionic concentration gradients at a
metabolic energy cost that is affordable. Approxima-
tely, 95 per cent of the metabolic energy expended
by cells is used to maintain the gradients.

When the lipid bilayer structure is damaged
protein ion pumps cannot keep pace with the
increased diffusion of ions across the membrane.
Under these circumstances, the metabolic energy of
the cell will be quickly exhausted leading to
biochemical arrest and to necrosis (Figure 8). The
types of burn injury discussed have in common the
capacity to disrupt the transport barrier function of
the cell membrane through structural alterations.
Loss of cell membrane integrity occurs at supraphy-
siological temperatures, in frostbite injuries, in free-
radical-mediated radiation injury, in barometric
trauma and in electrical shock. Ischaemia-reperfusion
injury, which is mediated by the effects of super-
oxide-free radicals on the plasma membrane®, is
probably the most common cause and is a substantial
factor in many common medical illnesses. Under
conditions of freezing, ice nucleation in the
cytoplasm can lead to factors which are very destruc-
tive to the cell membrane, including the mechanical
disruption of the membrane by the ice crystal growth
and the damaging effects of increasing salt concen-
tration as the ice spread and excludes ions™. Sudden
changes in very strong barometric pressures can lead
to explosion of the cell membrane. Electrical shock is
the paradigm for necrosis primarily mediated by
membrane permeabilization. Skeletal muscle and
nerve tissue exposed to strong electrical fields (>50
V/cm) can experience membrane damage by at least
three distinct physicochemical processes. These are
lipid bilayer damage by electroporation, heat-
mediated membrane poration and electroconforma-
tional membrane protein denaturation.

Considering structural stability, it is quite fortunate
that cell membranes contain large proteins. In a pure
surfactant membrane (i.e. a liposome), a defect suffi-
ciently large to cause a conducting pore will expand
until the entire structure ruptures™. Surface tension is
responsible for causing the defect to expand. This is
similar to a pinprick of a soap bubble. Because cell
membranes also contain large proteins, some of
which are anchored together in the intracellular and
the extracellular space by other proteins, the defects
in the membrane can become stable. By ultrastruc-

tural examination of electroporated cell membranes,
Chang and Reese* and others have demonstrated
that stable structural defects occur in cell membranes.
Their studies demonstrated stable pore diameters
may be in the range of 0.1 um, which is large enough
to pass nearly all biological macromolecules.

Drugs to seal cell membranes

This discussion immediately raises two questions:
first, what are the strategies to seal biological cell
membranes? Second, how soon must the sealing
occur to prevent cell death? Both questions are
unanswerable at this time. In an aqueous environ-
ment, at concentrations above the critical micelle
concentration (CMC), surfactant compounds sponta-
neously self-assemble into supramolecular lamella
called membranes. The most familiar example is the
formation of bubbles when water-containing deter-
gent is agitated. Biological lipid membranes are
supermolecular assemblies of surfactants which
spontaneously aggregate in an aqueous environment.
Structures that orient the surfactant, such as the loop
used to create bubbles, can trigger rapid formation of
a supermolecular surfactant assembly such as the
membrane forming across the loop. What is required
to form closed membrane structures is a suitably high
enough surfactant concentration in an aqueous
environment, the correct range of temperature and
time.

Sealing of permeabilized cell membranes is an
important naturally occurring process in many cell
types. Fusigenic proteins are macromolecules that
induce sealing of porated cell membranes following
exocytosis. They act to create a low energy pathway
for flow of phospholipid across the defect or to
induce fusion of transport vesicle to plasma
membranes. The action of fusigenic proteins indicates
that it is possible to seal damaged cell membranes
using macromolecular templates. This has also been
accomplished using synthetic surfactants, such as
poloxamer 188 at a sub-CMC concentration of 0.1
mM (since our previous studies indicated that this
sub-CMC concentration was quite effective) to seal
cells against loss of calcein dye postelectroporation®.
Others have reported similar observations®.

Conclusion

Progress in science has been inexorably linked to
finding the proper name for phenomena. The term
‘burn’ is ambiguous because it is used to describe a
range of physicochemical injuries that are different
and will require different therapeutic approaches.
Advances in burn care have resulted from the
development of strategies to interrupt processes that
lead to secondary tissue damage and systemic illness.
A logical extension of this effort is to focus on initial
molecular consequences of physicochemical trauma
with the goal of finding strategies which restore
intact proteins to their native conformation, excision-
ally repair damaged nucleic acids and seal damaged
cell membranes. This could, in effect, directly reverse
the damage and mitigate the harmful effects of the
physicochemical injury. Strategies to restore
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denatured  proteins and  permeabilized cell
membranes to their predamaged state seem to be the
most appropriate first efforts®.
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