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All  air  breathing  vertebrates  are  endowed  with  pulmonary  surfactants,  surface-active  lipoprotein  com-
plexes formed  by  type II  alveolar  cells.  Surfactants  are  deposited  in  clearly  defined  areas  on  the  luminal
aspect  of blood  vessels,  producing  hydrophobic  spots.  Gas  nanobubbles  measuring  5–100  nm  form  spon-
taneously  on  the  smooth  hydrophobic  spot from  dissolved  gas.  Bubbles  nucleate  and  grow  at  these  spots
after decompression  from  high  pressure.  Proteins  with  hydrophobic  regions  circulating  in  the  blood  will
adhere  to the  gas  phase-plasma  interface.  Deformation  of  their  secondary  and  tertiary  configuration  will
present  them  as  foreign  molecules  or autoantigens.  Components  of  the  intact  protein  which  are  also
anobubbles
utoimmune disease

present  in  a  deformed  protein  may  be  recognized  as foreign  too.  This  process  is proposed  as  the  trigger
for  autoimmune  diseases.  The  presence  of  autoimmune  disease  in air breathing  vertebrates,  increased
autoimmunity  and  the  elevated  risk  of  decompression  sickness  with  age,  as well  as  variable  sensitivity
to  both  diseases,  can be  matched  with  the  appearance  of  surfactant  spots.  Eliminating  these  spots  may
provide  protection  against  both  diseases.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

We  recently discovered hydrophobic spots on the luminal
spect of ovine large blood vessels at which nanobubbles are
ormed, later to become the gas micronuclei that develop into bub-
les after decompression from high pressure (Arieli and Marmur,
014). These spots should be covered by a permanent gas phase

n the form of nanobubbles, with interaction between the free
as phase and proteins in the blood. A hypothesis is suggested to
xplain the possible development of autoimmune diseases, which
onnects the development of lung surfactants, hydrophobic spots
n blood vessels, and the interaction between proteins and the gas
hase.
∗ Correspondence to: 12 Klil-Hakhoresh, Rakefet, D.N. Misgav 20175, Israel.
el.: +972 54 373473; fax: +972 4 9801210.

E-mail address: rarieli@netvision.net.il

ttp://dx.doi.org/10.1016/j.resp.2014.11.008
569-9048/© 2014 Elsevier B.V. All rights reserved.
2. Supporting data from various fields

2.1. Surfactants

2.1.1. Pulmonary surfactants
Pulmonary surfactants are surface-active lipoprotein complexes

(phospholipoprotein) formed by type II alveolar cells. The pro-
teins and lipids that make up the surfactants have both hydrophilic
and hydrophobic regions. The water-insoluble hydrophobic group
may  extend out of the water phase, into the air, whereas
the water-soluble head group remains in the water phase. In
the lung this reduces surface tension, allows the hysteresis
which maintains lung function, prevents infiltration of water into
the alveoli, and prevents gas from small cavities being forced
into large cavities. Surfactants are composed of ∼40% dipalmi-
toylphosphtidylcholine (DPPC), 40% other phospholipids (phos-
phatidylcholine, phosphatidylglycerol), ∼5% surfactant-associated
proteins (SP-A, B, C and D), and cholesterol. In the human
lung the main surfactant is DPPC (http://en.wikipedia.org/

wiki/Dipalmitoylphosphatidylcholine), which also has a higher
compaction capacity than the other phospholipids because the apo-
lar tail is less bent. The SP proteins reduce the temperature required
for transition from the gelatinous phase to liquid crystal from 41

dx.doi.org/10.1016/j.resp.2014.11.008
http://www.sciencedirect.com/science/journal/15699048
http://www.elsevier.com/locate/resphysiol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.resp.2014.11.008&domain=pdf
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o 37 ◦C, and maintain the spread of DPPC at the interface. Alveo-
ar surfactant has a half-life of 35 h once secreted (Janssen et al.,
002). It is mainly reabsorbed into the lamellar structures of type

I pneumocytes.

.1.2. Evolution
All air breathing vertebrates are endowed with surfactants.

hen vertebrates began to breathe air, the surface tension of their
ody fluids did not allow them to maintain small open gas cavities.
his was enabled by the evolution of surfactants, which are to be
ound in lung fishes that are representative of the first air-breathing
ertebrates. Disaturated phospholipid, purported to be the pri-
ary surface tension-controlling agent, is found in the lungs of

he three living species from Australia (Neoceratodus forsteri), South
merica (Lepidosiren paradoxa), and Africa (Protopterus annectens)

Orgeig and Daniels, 1995). Phosphatidylcholine is the dominant
hospholipid, phosphatidylglycerol is virtually absent, and there is

 significant proportion of the combination of phosphatidylserine
nd phosphatidylinositol. Surfactant from the primitive Australian
ungfish N. forsteri is almost identical to that of the primitive air-
reathing actinopterygiian fish (Daniels and Orgeig, 2003).

.1.3. Surfactants on blood vessels
Using electron microscopy, Hills (1992) demonstrated an oligo-

amellar lipid lining on the luminal aspect of various ovine blood
essels. He also provided evidence of hydrophobicity, using the
easured angle to a small (5 �l) drop of water. The hydrophobicity
as reduced by rinsing these vessels with chloroform, which led
ills to ascribe it to phospholipids. He suggested that the deposi-

ion of lung surfactants created this hydrophobic lining. His claim
as supported by increased hydrophobicity within blood vessels
ownstream, but not upstream, of the lung. However we  demon-
trated that hydrophobicity can be found in both the arterial and
he venous circulation: in the pulmonary vein and artery, the left
nd right atria, superior vena cava, and aorta (Arieli and Marmur,
013b). Hills and Butler (1981) also showed that when the pul-
onary vasculature of the dog was flushed with microbubbles

ontaining serum, the outflow contained surfactant. They could not
etermine whether the microbubbles caused the release of surfac-
ant from within lung cells, or whether the surfactant was already
resent in the lumen of the vasculature. Arieli and Marmur (2013b)
onfirmed Hills’ findings by establishing hydrophobic properties
n various ovine blood vessels: the aorta, the pulmonary vein and
rtery, superior vena cava, and left and right atria. Using drops of
aline (∼100 �l), we found that hydrophobicity was highly variable
etween different areas of the same blood vessel, between blood
essels, and between animals. No difference in hydrophobicity was
ound between the six blood vessels. In a follow-up study, Arieli
nd Marmur (2014) found that there are clearly defined areas on
he surface of blood vessels that fit the suggestion of hydropho-
ic spots at which bubbles nucleate and grow after decompression
rom high pressure. It is yet to be determined which of the various
omponents of the pulmonary surfactants compose the hydropho-
ic spot.

.2. The hydrophobic spot and creation of a gas phase

It has been shown that tiny, flat gas nanobubbles measuring
–100 nm form spontaneously when a smooth hydrophobic sur-
ace is submerged in water containing dissolved gas (Tyrrell and
ttard, 2001; Yang et al., 2007). The mechanism underlying this
henomenon was largely unexplained by the simple laws of physics

escribing the control of bubble stability, and the suspicion was
hat it was due to an artifact of the atomic force microscopy. How-
ver, a number of studies have confirmed the presence of these
anobubbles (Meyer et al., 2005; Singh et al., 2006; Stevens et al.,
eurobiology 206 (2015) 15–18

2005; Switkes and Ruberti, 2004). The use of both atomic force
microscopy and optical techniques has proven that these nanobub-
bles are not an artifact (Karpitschka et al., 2012). This layer of
gaseous nanobubbles is stable, their volume does not change with
time, and did not change even when high pressure waves were
applied (Brotchie and Zhang, 2011). A number of theories have
been proposed in explanation of the formation and stability of
these nanobubbles (Seddon et al., 2011; Weijs et al., 2012), and
theoretical physics is still engaged in the search for an answer
to these questions. In ultrasound irradiation, rectified diffusion
increased the volume of nanobubbles (Brotchie and Zhang, 2011),
suggesting that they might expand in a state of gas supersatu-
ration. This agrees with our finding of bubble development on
a smooth hydrophobic surface after decompression (Arieli and
Marmur, 2011, 2013a). Lüderitz and von Klitzing (2012) showed
that nanobubbles 30–60 nm in diameter are formed on patches of
the surfactant solution which settle on the surface. A similar pro-
cess of events may  produce the hydrophobic spots on ovine blood
vessels at which nanobubbles are formed, remaining there perma-
nently. These nanobubbles grow into bubbles after decompression
(Arieli and Marmur, 2014). We therefore suggest that a permanent
layer of nanobubbles covers the hydrophobic spots on the luminal
aspect of blood vessels. The hydrophobic–hydrophilic force at the
gas–water interface is greater than that at the phospholipid–water
interface.

2.3. Interaction of proteins with a gas phase

Proteins have evolved to perform their various tasks in an aque-
ous solution, and frequently also across the lipid bilayer in between
aqueous media. Only certain specific proteins, such as keratin, are
able to withstand dry gaseous exposure. Other proteins which are
liable to come up against a gas phase within the body should
have a liquid film for protection. The chain of amino acids in a
protein may  include hydrophobic acids such as alanine, valine,
leucine, isoleucine, phenylalanine, tryptophan and methionine. The
�-helices are also the most common structural element of the pro-
tein to cross biological membranes, because the helical structure
can satisfy all backbone hydrogen bonds internally, leaving no polar
groups exposed to the membrane if the sidechains are hydrophobic.
Because the hydrophobic–hydrophilic force is high for a gaseous
phase–water interface, the hydrophobic regions in proteins will
react with the gaseous phase. Much has been studied regarding the
interfacial denaturation of plasma proteins in oxygenator devices
(Lee and Hairston, 1971). Usually, in the coiled folded protein, the
polar groups are external and the non-polar groups are internal. In
contact with a gas phase, because polar groups would face the aque-
ous side and the non-polar groups would protrude on the gas side,
the weaker bonds (mainly hydrogen) would break and allow alter-
ation of their secondary and tertiary configuration. The denatured
protein would change its immunochemical properties. Exposure
of hydrophobic domains would attract other molecules to produce
aggregates of proteins and fatty acids, both in oxygenators in which
blood was in direct contact with the gas phase, and in bubbles
within the blood (Philp et al., 1972). Alteration of immunoglobulins
was established after exposure to an oxygenator, when there was
a high incidence of infection in patients after “open heart surgery”
(Lee and Hairston, 1971).

3. Autoimmune diseases and hydrophobicity
3.1. Autoimmune diseases in animals

Autoimmune diseases are known in air breathing vertebrates,
but not in gill breathers such as fish or sharks. Diabetes mellitus
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ccurs in the turtle and the tortoise (Frye et al., 1976), and may
e related to autoimmunity. Birds too may  suffer from autoim-
une diseases (Neu et al., 1985; Rose, 1994) and mammals

ikewise. Autoimmune diseases appeared in air breathing verte-
rates together with surfactants.

.2. Autoimmune diseases and hydrophobicity

Hydrophobic domains can be found in a number of pro-
eins which are subject to autoimmune reactions. For example,
ydrophobic bonding is important in the association of lipids with
luten protein, which is involved in celiac disease. One of these
roteins, gliadin, has surface hydrophobicity (Popineau and Godon,
982). Thyroid peroxidase, which is involved in Hashimoto thy-
oiditis, has a hydrophobic pocket (Bikker et al., 1997). Insulin,
hich may  be involved in diabetes type I, has a surface hydropho-

ic side chain and a hydrophobic core (Wang et al., 1996). Islet
ell antigen 512 is a diabetes-specific islet autoantigen which has

 transmembrane hydrophobic domain (Rabin et al., 1994). Glu-
amate decarboxylase (GAD65) is a major autoantigen in type 1
iabetes and is hydrophobic (Steed et al., 2008). Twice as much
ollagen type IV was found to adhere to a hydrophobic surface com-
ared with a hydrophilic surface (Coelho et al., 2010). Collagen type

V is involved in Goodpasture syndrome. GQ1b ganglioside is not a
rotein, but an acidic glycosphingolipid in the cell membrane. It is
ydrophobic, and is involved in the Guillain–Barré syndrome (Yuki,
998). Human interferon omega has hydrophobicity (Liu et al.,
005), as does 21-hydroxylase. Both contain a transmembrane
ydrophobic �-helix, and both are involved in Addison disease.

. Discussion

.1. Surfactants act against proteins and cause autoimmune
iseases

We  suggest that in some individuals, large protein molecules
nvolved in autoimmunity are accidentally released into the blood.
he release of a specific protein into the blood (if this occurs at
ll), the rate of release, and the quantities of protein carried by
he blood, may  be a diversified event that takes place at various
eriods throughout the human lifespan. When a large molecule of
his kind, which contains a hydrophobic domain, encounters the
trong hydrophobicity of the nanobubble layer-plasma interface
t a surfactant spot, it will adhere to the spot, where its secondary
nd tertiary configurations are altered. This alteration is recognized
s a foreign molecule by the immune cells, which then initiate an
utoimmune response. Components of the intact protein which are
lso present in this deformed protein may  be recognized as foreign
oo, and provoke autoimmunity. Both the presence of hydropho-
ic spots on the luminal aspect of blood vessels and the accidental
elease of a specific protein into the blood will determine the devel-
pment of an autoimmune response.

Age is considered a risk factor for decompression sickness in
ivers (Blatteau et al., 2011; Sulaiman et al., 1995). The capac-

ty of a young rat to cope with decompression stress deteriorates
ith age and increasing weight (Arieli et al., 2007). Autoimmunity

lso increases with age (Vadasz et al., 2013). Hydrophobic spots on
he luminal aspect of blood vessels might be the main source of
ubble production on decompression, and therefore the primary
ause of decompression sickness. If the hydrophobic active spots
ncrease in area and number with age, when added surfactants are

eposited, this may  explain the concomitant increase in the risk of
ecompression sickness and in autoimmunity.

The distribution of hydrophobic spots on the luminal aspect
f ovine large blood vessels is highly variable between the
eurobiology 206 (2015) 15–18 17

different blood vessels and between animals (Arieli and Marmur,
2014). Similar variability in the prevalence of hydrophobic spots
in humans may  explain differences in sensitivity to autoimmune
diseases and to decompression stress (bubblers vs. non-bubblers).
If the hydrophobic spots on the luminal aspect of blood vessels are
a major source of autoantigens, then their availability in the blood
and the availability of certain proteins may  determine the timing
of onset of the autoimmune disease. This might explain the early
appearance of diabetes type I and the later onset of other diseases.

Assuming the gas phase on the hydrophobic surfactant spot to
be the common cause, a number of autoimmune diseases may  be
expected in an individual who  has these spots. It was shown that
subjects with autoimmune thyroid disease are also at high risk
for other autoimmune diseases (Boelaert et al., 2010). A common
underlying cause of the risk for autoimmune diseases and decom-
pression sickness (bubble production) may  place an individual with
autoimmune disease at an increased risk of decompression sickness
after a dive. Only meagre data are available regarding this cross
comparison. However, the recommendation in the case of divers
with diabetes type 1 is to make only short, shallow dives (Pollock
et al., 2005). Dr. Douglas Walker of Sydney, Australia, who over a
period of many years kept a register of diving accidents, reported
a significant number of serious accidents in persons with insulin-
dependent diabetes (Hazel, 1994).

4.2. Conclusions

We and others have shown that the elimination of gas micronu-
clei by pre-breathing oxygen will reduce bubble formation and
decompression sickness after decompression from high pressure
(Arieli et al., 2009; Castagna et al., 2009). Other maneuvers such as
vibration, sauna and exercise may  have similar effects on the elim-
ination of gas nuclei (Blatteau et al., 2008; Germonpré et al., 2009;
Madden et al., 2014). If our present suggestion regarding a common
source for bubble nucleation and the development of autoimmune
diseases is valid, then elimination of the hydrophobic phospho-
lipid spots or their gas phase would confer protection against both
decompression sickness and the development of autoimmune dis-
eases.
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