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ABSTRACT

Introduction

Hemorrhagic shock is a primary injury amongst combat casualties. Hemorrhagic shock can lead to acute lung injury,
which has a high mortality rate. Based on studies showing the role of intense light for organ-protection, we sought to
evaluate if intense light pretreatment would be protective in a murine model of hemorrhagic shock lung.

Materials and Methods

After exposure to standard room light or to intense light (10 000 LUX), mice were hemorrhaged for 90 minutes to maintain
a mean arterial pressure (MAP) of 30-35 mmHg. Mice were then resuscitated with their blood and a NaCl infusion at
a rate of 0.2 ml/h over a 3-hour period. During resuscitation, blood pressure was recorded. At the end of resuscitation,
bronchoalveolar lavage was analyzed for alveolar epithelial barrier function and inflammation. To get insight into the
relevance of intense light for humans, we performed a proteomics screen for lung injury biomarkers in plasma from
healthy volunteers following intense light therapy.

Results

We found that intense light pretreated mice had improved hemodynamics and significantly lower albumin, IL-6, and
IL-8 levels in their bronchoalveolar lavage than controls. We further discovered that intense light therapy in humans
significantly downregulated proinflammatory plasma proteins that are known to cause acute lung injury.

Conclusions

Our data demonstrate that mice exposed to intense light before hemorrhagic shock lung have less lung inflammation
and improved alveolar epithelial barrier function. We further show that intense light therapy downregulates lung injury
promoting proteins in human plasma. Together, these data suggest intense light as a possible strategy to ameliorate the

consequences of a hemorrhagic shock on lung injury.

INTRODUCTION

Presently, there is no Food and Drug Administration (FDA)-
approved treatment for acute lung injury (ALI), and despite
the relatively large number of patients with the diagnosis,
ALI care remains supportive.! ALI is associated with many
conditions, including severe trauma, hemorrhagic shock, and
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burn.? ALI affects ~200 000 individuals annually, resulting in
74 500 deaths in the United States.® In the context of Combat
Casualty Care, patients with ALI require additional medical
resources and have a 2-fold increased risk of mortality.* Long-
term disabilities in ALI survivors include exercise intolerance,
physical and psychological sequelae, decreased quality of life,
as well as increased costs and use of health care services
leading to reduced rates of return-to-duty in service members.>
Hemorrhage, a common cause of ALI is the leading cause
of trauma-related death in the military setting.®” Morbid-
ity and mortality associated with hemorrhage-induced shock
is a composite result of a systemic inflammatory response,
with subsequently triggered ALI occurring in 9% of combat
and 16% of civilian casualties after severe hemorrhage.*-8~!2
Overall, ALI mortality in the military or civilian setting ranges
from 12-50%.%1°

Following major trauma, a local release of mediators such
as cytokines, acid metabolites, and histamine increases the
capillary permeability resulting in tissue edema and local infil-
tration of immunocompetent cells. Intrinsic leukocytes and
affected endothelial cells produce and release pro- and anti-
inflammatory cytokines acting locally as well as on remote
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cells in different organs like the lung. Indeed, genome-wide
expression pattern studies show that severe trauma alters the
expression of >80% of the leukocyte transcriptome during the
first 28 days after injury.'>

We recently discovered that intense light protects from
myocardial ischemia and reperfusion injury (10 000 LUX,
broad-spectrum, UV-light filter).'*~'® Intense light is the
hallmark of circadian rhythm regulation,'”-?° and circadian
rhythms control fundamental functions of individual cells and
organ systems.'®-2! In humans, the most potent regulator of
circadian rhythms, is intense light (>10 000 LUX intensity
[sun: 2000 LUX-120 000 LUX; established bright light
therapy to treat depression in humans: 10 000 LUX??]).8

However, intense light as a lung-protective strategy has not
been explored yet. Since a hemorrhagic shock causes systemic
ischemia and reperfusion injury, we hypothesized that intense
light pretreatment would be lung-protective in a murine model
of hemorrhagic shock lung.

MATERIAL AND METHODS

Mouse experiments

Experimental protocols (#00231) were approved by the Insti-
tutional Review Board (Institutional Animal Care and Use
Committee [TACUC]) at the University of Colorado Denver,
USA. They were following the AAALAC regulations, the
US Department of Agriculture Animal Welfare Act, and the
Guide for the Care and Use of Laboratory Animals of the
NIH. Mice were housed in a 14/10-hour light-dark cycle,
and all mouse experiments were conducted at the same time
point (ZT3, Zeitgeber Time 3 corresponding to 9 a.m. based
on “light ON” at 6 a.m.). To eliminate gender- and age-
related variations, we routinely used 12- to 16-week-old, 24 g
male mice. Mice were bred in the vivarium at Denver for
optimal acclimatization and housed in cages of 5 at 21°C with
food (Harlan diets, formulation 2920x, soy-free) and water
ad libitum.

Intense light exposure in mice

Mice were exposed to intense light (10 000 LUX, Light-
box, Uplift Technologies DL930, full-spectrum, UV filter) for
5 days and compared to mice maintained at room light (200
LUX) for 5 days.'®

Blood pressure and heart rate measurements

A polyethylene catheter was inserted in the left carotid artery,
as described previously?®. The catheter was connected to a
Deltran® pressure transducer (Utah Medical Products Inc.,
Salt Lake City, UT, USA) located at the same hydrostatic level
as the mouse, which was connected to the CyQ BMP02 system
(CyberSense, Inc., Nicholasville, KY, USA) designed to
measure invasively systolic, diastolic, pulse pressure, mean
arterial blood pressure (MAP) and heart rate. Due to a
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sampling rate of 1000 Hz, the device automatically calculates
HR from the amplitude of the pressure signal.

Mouse model of hemorrhagic shock and
resuscitation

Based on findings that housing mice under “intense light
conditions” (10 000 LUX, full-spectrum, UV-filter, L(light):
D(dark) phase 14:10 hours) robustly reduced infarct sizes
in a murine model of myocardial ischemia and reperfusion
injury,”* we housed wildtype mice for 5 days under intense
light conditions before a hemorrhagic shock (Fig. 1A). Con-
trol mice were housed under standard housing conditions
(200 LUX, L:D 14:10 hours). Before hemorrhagic shock,
mice were anesthetized, intubated, and mechanically venti-
lated (FiO; 0.4). Mice were anesthetized with pentobarbital at
a dose of 70 mg/kg, i.p. for induction and 20 mg/kg for main-
tenance. Once pain reflexes were absent, mice were placed
on a temperature-controlled surgical table. The trachea was
surgically exposed, and tracheal intubation was performed. A
blunt polyethylene cannula (Insyte 22 g, Beckton Dickinson,
USA) was inserted into the trachea. The tracheal tube was
connected to a mechanical ventilator (Servo 900C, Siemens,
Germany with pediatric tubing) and the animals were ven-
tilated using a pressure-controlled ventilation mode (peak
inspiratory pressure of 12 mbar, frequency 120 breaths/min,
positive end-expiratory pressure of 3 mbar, FiO, = 0.4).
All mice in the hemorrhage group underwent 10 minutes of
equilibration after cannulation of the carotid artery followed
by 1.5 hours of hemorrhagic shock and 3 hours of resuscitation
(Fig. 1B and C). Mice were hemorrhaged for 1.5 hours to
maintain a MAP of 30-35 mmHg. Mice were then resuscitated
with transfusion of the shed blood and a NaCl infusion at
a rate of 0.2 ml/h over 3 hours. Mice in the sham group
were cannulated and connected to the pressure monitoring
apparatus but did not undergo intense light therapy or hem-
orrhage/resuscitation (Fig 2A). Before carotid artery catheter-
ization, the mice received 50 IU heparin i.p. The carotid artery
was catheterized for continuous recording of blood pressure.
The catheter was also used for saline infusion, hemorrhage,
and resuscitation. Hemorrhagic shock was initiated by blood
withdrawal and a reduction of the mean arterial blood pres-
sure (MAP) to 30-35 mmHg over 15 minutes. The blood
was harvested into a 1-ml syringe with heparin to prevent
coagulation.

BAL lavage and albumin/protein analysis

To obtain BAL fluid, the tracheal tube was disconnected
from the mechanical ventilator and the lungs were lavaged
3 times with 0.5 ml of PBS. All removed fluid was cen-
trifuged immediately, and the supernatant was aliquoted for
measurement of the albumin concentration via ELISA (mouse
albumin ELISA kit, Bethyl Laboratories). Protein levels in
BAL were measured using a BCA protein assay (Thermo
Fisher Scientific).
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FIGURE 1. Intense light exposure and experimental setup of a murine hemorrhagic shock lung model. (A) Mice housed under a light (L) dark (D) cycle of
14:10 hours were exposed to intense light instead of room light during the light phase. (B, C) Setup of a murine hemorrhagic shock lung model.

BAL IL-6 and IL-8 Human light exposure

IL-6 (R&D Systems) and KC (R&D Systems) levels were Healthy human volunteers were exposed to intense light
evaluated in BAL using a mouse ELISA kit according to the (10 000 LUX) for 30 minutes every morning for 5 days from
user’s manual. 8:30 a.m.—9:00 a.m.. Five milliliter blood was drawn on day
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FIGURE 2. Experimental groups and MAP measurements. (A) Experimen-
tal groups. (B) MAP of mice undergoing hemorrhagic shock and resuscitation
with and without intense light therapy versus sham mice (room light only).
Data are mean £ SD with n = 4-5 mice for each group.

1 at 8:30 a.m. and 9:00 a.m. (before and after light exposure).
Although light exposure was repeated every morning for
the 5 days, the next blood draws were on days 3 and 5 at
9:00 a.m. as indicated. Blood was collected in EDTA-plasma
tubes and spun at 3000 rpm for 8 minutes to separate plasma.
We obtained approval from the Institutional Review Board
(COMIRB #13-1607) for our human studies before written
informed consent from everyone was obtained. A total of 4
healthy volunteers were enrolled (2 females and 2 males).

Proteomics Screen

We analyzed plasma samples on days 1, 3, and 5 from healthy
human volunteers exposed to 30 minutes of intense light in
the morning on 5 consecutive days using the Slow Off-rate
Aptamer (SOMAmer)-based capture array called SOMAs-
can?>-20 (SomalLogic, Inc., CO, USA). The SOMAscan uses
a protein signal present in the human plasma and transforms
it into a nucleotide signal that can be quantified using fluores-
cence on microarrays. The SOMAscan assay is one of the most
comprehensive protein discovery tools available and measures
1319 plasma proteins.

Data analysis

An a priori sample size analysis for blood pressure, IL-6,
IL-8, protein, and albumin BAL levels revealed a biologically
relevant difference of at least 20 mmHg, 400 pg/ml, 100 pg/ml,
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0.5 mg/ml, and 100 pg/ml between control and experimental
groups, respectively. Thus, a minimum of four animals per
group was necessary to obtain statistically significant results
with an alpha error of 0.05 and beta error of 0.1. Based on
this analysis we minimized the number (n = 4-5 per group,
sham, and treatment) of animals used and their suffering.
All data were tested for normality using the Shapiro Wilk
test, which confirmed normality. For multiple comparisons,
one-way analysis of variance with Tukey’s post hoc test was
performed, and for a single comparison, the unpaired or paired
Student #-test was applied. Values are expressed as mean
(£SD). P < .05 was considered statistically significant. For
all statistical analysis, GraphPad Prism 7.0 and BiAS 8.6.3 for
windows was used.

RESULTS

Mice in the hemorrhage group had significantly different
MAPs compared to sham mice during the 1.5 hours of hem-
orrhagic shock (Fig. 2B). During 3 hours of resuscitation,
mice that were housed under intense light conditions had
significantly higher MAPs than the room light housed mice.
Moreover, MAPs of room light housed mice had significantly
lower MAPs during resuscitation than sham-operated mice.
However, MAPs from intense light-exposed mice were not
significantly different from sham-operated mice during resus-
citation (Fig. 2B).

After 3 hours of resuscitation, the mice were euthanized,
the BAL was collected and analyzed for inflammation and
albumin or protein leakage (Fig. 3). Analysis of IL-6 and IL-8
cytokine levels in the BAL found significantly increased levels
in hemorrhaged room light housed mice when compared to
sham-operated controls. Intense light housed mice, however,
did not show a significant increase of BAL IL-6 or IL-8 when
compared to sham-treated mice (Fig. 3A—C). Like findings on
inflammation, mice that were housed under standard light-
ening (200 LUX) conditions showed significantly increased
BAL protein or albumin levels when compared to sham-
operated mice. Mice that were pretreated with intense light,
however, did not show a significant protein or albumin leakage
in their BALs when compared to sham-operated mice. Intense
light treated mice had significantly less albumin or protein
BAL leakage than room light mice exposed to hemorrhagic
shock (Fig. 3 D-F).

To evaluate the impact of intense light in humans, we
sought to perform a proteomics screen for lung injury
biomarkers using plasma samples from healthy human volun-
teers that were exposed to intense light for 5 days (Fig. 4A-B).
Based on strategies using intense light therapy (10 000 LUX)
to treat seasonal mood disorders in humans,”” we adopted a
similar protocol. We exposed 4 healthy human volunteers to
30 minute of intense light in the morning on 5 consecutive
days and performed serial blood draws on days 0, 3, and 5.
SOMAscan analysis revealed the significant regulation of
66 plasma proteins out of 1319 (Supplementary Table S1).
Ingenuity pathway analysis found that light inhibited the
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FIGURE 3. Analysis of BAL of mice undergoing hemorrhagic shock and resuscitation with and without intense light therapy versus sham mice. (A-C) BAL
IL-6 and IL-8 concentrations. (D-F) BAL protein and albumin concentrations. Data are mean £ SD with n = 4-5 mice for each group.

chemotactic recruitment of leukocytes (Fig. 4C). Reactome
pathway analysis of those proteins indicated that intense
light dominantly changed pathways of the immune system
(Fig. 4D, Supplementary Figure S1). Moreover, many light-
downregulated plasma-proteins have been found to cause ALI
(Supplementary Figure S2, Supplementary Table S1).

DISCUSSION

In the current murine studies, we found that intense light
pretreatment protects from systemic ischemia and reperfusion
injury, as seen with a hemorrhagic shock model. We demon-
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strated improved hemodynamics, reduced lung inflammation,
and improved alveolar-epithelial barrier function in mice pre-
treated with intense light before a hemorrhagic shock-induced
lung injury. The role of intense light for lung protection has
never been evaluated yet. Interestingly, our human proteomic
study indicates that intense light significantly inhibits pro-
inflammatory plasma-proteins. As systemic inflammation is
critical in causing alveolar-epithelial barrier disruption in the
lungs, ultimately leading to ALI, intense light might be a
possible strategy to ameliorate the severity of a hemorrhagic
shock in combat casualties (Fig. 4D).
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FIGURE 4. Plasma proteomics from light-exposed human subjects. (A) 4 healthy human volunteers were exposed to 30 minutes of intense light (10 000
Lux) at 8:30 a.m. on 5 consecutive days. A blood draw was performed before light exposure on the first day (8:30 a.m.) and 3 or 5 days after light exposure
(9.00 a.m.). Plasma samples were analyzed using the SOMAscan platform (see Supplementary Figure S2, Supplementary Table S1 for significantly regulated
proteins). (B) Image of the lightbox used with dimensions. (C) Ingenuity pathway analysis of intense light-regulated proteins. (D) Reactome pathway analysis
of intense light-regulated proteins (see Supplementary Figure S1). (E) Proposed model of intense light therapy.

Our recent studies established a critical role for intense ~1 week revealed robust and time-dependent protection from
light in regulating critical biological processes.'>-!%>:27-2%  myocardial ischemia and reperfusion injury.”* Mechanistic
In vivo murine studies using 14 hour-intense light exposure studies on intense light elicited cardioprotection uncovered
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strengthening of the circadian amplitude as an underlying
mechanism.”* Enhancement of the circadian amplitude has
been implicated as a protective mechanism in different set-
tings*>-*! and is currently under intense investigation.>>~%
However, only a few studies have shown that strengthening
of the circadian amplitude could be organ-protective.’3:3
As we used the same light protocol in our current studies
on hemorrhagic shock lung as done in our previous studies
on myocardial ischemia and reperfusion injury, our findings
suggest that strengthening of the circadian amplitude is also
protective in global ischemia-reperfusion injury.

Trauma induced hemorrhagic shock creates a global
ischemia-reperfusion injury leading to dysfunctional sys-
temic inflammatory response and organ injury. Therapeutic
approaches for severe trauma, one of the leading causes
of morbidity and mortality worldwide, have not changed
during the past 30 years despite a better understanding
of the pathophysiology of trauma.’’ Although the recent
introduction of the concept of damage control resuscitation
may provide new avenues for decreasing the intensity of the
inflammatory response associated with severe trauma, this
approach remains a therapy to treat the symptoms only and
might have limitations in a situation where blood products are
not readily available or treatment is delayed.?” Thus, intense
light therapy might be, in particular, useful in those limited
resource scenarios.

Combat casualties with ALI consume significantly more
health care resources compared with other mechanically ven-
tilated patients.* Although advances in military medicine and
transport have expedited delivery of early*® and coordinated
trauma care to the critically injured combat casualty, multi-
organ failure remains a significant factor in potentially pre-
ventable died-of-wounds cases.® Moreover, these numbers
will likely increase with prolonged evacuation times projected
for the future overseas contingency operations (eg, A2AD).
Thus, studies are warranted to refine our understanding of ALI
in combat casualty care to identify strategies to prevent ALI,
and ultimately to decrease ALI-associated mortality.*

Our findings are of high relevance for combat-injured
in enroute care transports (especially longer distances by
CCATT or TCCET teams, and others such as GHOST and
SOST/SOCCET?), or in prolonged field care settings.*’ Fur-
ther research on intense light therapy could lead to a paradigm
shift in the treatment of combat-injured. The concept is simple
and readily available. No FDA approval for a novel medical
device is necessary as the FDA does not regulate intense
light therapy. There is no harm from an intense lightbox, as
it is not a medical device and is a commercially available,
also in the form of glasses. Moreover, it has been long used
effectively to treat bipolar depression with no or minimal side
effects.’> This intervention has a high potential to achieve
several combat casualty care goals: to optimize prolonged
field care for multiple combat injuries in resource-limited far-
forward settings and improve the size, weight, and portability
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of medical equipment required to support operations and
improve patient outcomes.

Despite our robust data in mice and first promising results
from healthy human subjects, further research will be neces-
sary to understand the mechanisms of intense light in lung
protection fully. Many questions will need to be addressed
before such a therapy could be effectively used in humans.
As we used broad-spectrum white light, it is possible, if using
only one wavelength, that the lung-protective effect becomes
even more pronounced. Furthermore, as we exposed mice to
14 hours of intense light daily, it would be crucial to evaluate
the impact of longer exposure times in humans as well. We
only used 30 minutes of exposure in our healthy subjects, as
this is currently the recommended strategy for the treatment of
seasonal disorders but also was most feasible. Future research
will also have to test if light treatment after a hemorrhagic
shock could have similar beneficial effects. Currently, possible
benefits of treatment after an injury are unknown and our
data only support the use of light as a preventative strategy.
Finally, elucidating the molecular mechanisms of intense light
in lung protection could lead to the development of novel
pharmacological compounds that would allow replacing light
therapy one day and might be even more effective than light
alone.

Our data are not without limitations and should be inter-
preted with caution. Although we found anti-inflammatory
effects in mice and humans, differences in size and physiology,
as well as variations in the homology of targets between mice
and humans, may lead to translational limitations. Moreover,
the inflammatory signature observed in human plasma might
not reflect the pulmonary status. In addition, low sample
size and test limitations (selection of 1319 proteins) of our
proteomics platform might make our conclusions on light
having an impact on humans appear premature. Nevertheless,
we have analyzed 12 plasma samples from 4 healthy volun-
teers over a week. As the most robustly regulated proteins
(Supplementary Figure S2, Supplementary Table S1) over a
week dominated the pathway analysis, we believe that our
data at least partly support our conclusions of light as an
anti-inflammatory strategy for humans. Although intense light
therapy has been validated for the treatment of seasonal dis-
orders, studies on the biological effects on intense light are
scarce. In fact, to our knowledge, there are no studies that
have performed a wide protein screen from plasma samples
following intense light therapy in humans. The SOMAscan
platform, which we chose, is a highly multiplexed, aptamer-
based assay optimized for protein biomarker discovery, which
is made possible by the simultaneous measurement of a broad
range of protein targets. This assay has been successful in the
identification of biomarker signatures in a variety of recent
biomedical applications.*! As such, despite the limitations
of our analysis, our results will hopefully stimulate future
research on the role of intense light therapy in the regulation
of inflammatory processes.
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CONCLUSION

Given that hemorrhagic shock is a primary injury on the
battlefield, this study may provide a novel concept for the
treatment of hemorrhagic shock lung or hemorrhagic shock
associated organ dysfunction. Our findings underscore the
importance of intense light for lung protection in the setting of
a hemorrhagic shock but indicate the need for future in-depth
studies to explore light as preventive strategy or as therapy,
and the underlying mechanisms further.
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