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INTRODUCTION: HIF1a, a master regulator of the hypoxic response has been implicated
in ischemic preconditioning. Ischemic preconditioning has been shown to provide
significant protection from a subsequent lethal ischemic event. Additionally, Heme
oxygenase-1 (HO-1} is an inducible Phase 2 enzyme that degrades toxic heme. Heme
contains an iron and when released under pathological conditions such as cellular stresses
and ischemia, free heme may act as a source of free radicals. Cells have therefore
evolved a system to degrade heme, a system composed of inducible heme oxygenases 1
(HO-1) and constitutive HO-2. The end products of the degradation include cytoprotective
biliverdin and carbon monoxide; as a result, heme oxygenases are potentially
cytoprotective. Ischemia occurs whenever there is interruption of the flow of blood to
tissues or organs. It is the most common cause of death in heart disease and stroke as
well as traumatic injury. Survival of the initial insult is followed by further injury that occurs
during the reintroduction of oxygen with the restoration of blood flow. This injury occurs
following hemorrhage because some tissues are deprived of blood to protect others as
part of the fight or flight response. Recent investigations have shown 2-cyano-3,12
dioxooleana-1,9 dien-28-oyl imidazoline (CDDO-Im) a new synthetic triterpenoid to
possess potent anti-inflammatory and antioxidant properties, and is a potent inducer of
HO-1. We hypothesized that chemically induced HO-1 upregulation with the novel
triterpenoid CDDO-Im (2-cyano-3,12 dioxooleana-1,9 dien-28-oyl imidazoline), a robust
inducer of Phase 2 genes, protects against ischemic injury. To measure cytoprotection in
terms of luminescence, we also screened genetically engineered mouse cells that express
luciferase when HIF1 a accumulates.

BODY: CDDO-Im is a synthetic triterpenoid recently shown to induce cytoprotective genes
through the Nrf2-Keap1 pathway, an important mechanism for the induction of
cytoprotective genes in response to oxidative siress. Heme oxgenase-1 is highly inducible
and its induction is correlated with significant protection from the deleterious effects of
ischemia. CDDO-Im (2-cyano-3,12 dioxooleana-1,9 dien-28-oy! imidazoline), a new
synthetic triterpenoid has been shown to possess potent anti-inflammatory and antioxidant
properties, and is a potent inducer of HO-1 and is being investigated as an additive to a
new resuscitation fluid that might being counteracting the deleterious effects of the
ischemia of hemorrhage shortly after injury during the initial resuscitation. One of the most
critical components of developing a new drug of treatment of a specific disease state is
determination of an appropriate dose of the drug with maximum benefit and minimum off-
target effects. We employed a new technique, termed snapshot pharmacokinetics, to hone
in on an appropriate dose of CDDO-Im for use in the mouse model of hemorrhage.
Following determination of an appropriate dose we determined the timing of resuscitation
for maximum benefit of the drug.



We also tested and screened other drugs such as CAPE, CAPA for their ability to induce
HO-1 and HIF1 a and produce a cytoprotective effect. We screened genetically
engineered mouse cells that express luciferase when HIF 1 a accumulates. Deferoxamine
induces HIF1a by inhibiting the activity of Fe* dependent prolyl hydroxylase which is
required for activation of the oxygen dependent domain of HIF1 a and was used as a
positive control. Caffeic acid phenethyl ester (CAPE) has been previously suggested to
inhibit HIF1 a prolyl hydroxylase. We have found that Caffeic acid phenethyl amide
{CAPA) and CAPE along with CDDO-Im, which induced HO-1 mediated cytoprotection
against menadione-induced-oxidative stress, also induces HIF1a and this may explain

their cytoprotective effect.

KEY RESEARCH ACCOMPLISHMENTS:

Due to Base Realignment and Closing (BRAC) issues, significant delays in research
occurred at two times during the study. Firstly, the USAISR vivarium was closed for
about two years in order to renovate it and merge it with the new vivarium in the
newly constructed Battlefield Health and Trauma Center for Excellence. During this
period animals were housed at the animal facility at Brook City Base, San Antonio,
TX. However, in vivo imaging still had to be performed at the USAISR where the
Xenogen in vivo imaging system resided. This required transporting the animals
from Brooks City Base to USAISR (about 15 miles away). Also, the rules during this
period were that no animal bought from Brooks City Base could be in the Institute
for more than 8 hr. Consequently, the imaging data obtained during this period
could not be used as the behavior of the mice was significantly when this additional
stress of transportation was factored in. Secondly, the entire DCR {Damage Contro!,
Resuscitation) group at US Army Institute of Surgical Research (USAISR) was
moved to a new facility in Oct. of 2011. This delayed analysis mouse tissues
obtained from repeats of the work done at Brooks City Base an additional 6 months.
In addition, a postdoctoral fellow working on an MRMC project left in August 2010
for a teaching job and the postdoctoral fellow working under the Geneva Foundation
project had to fill the MRMC postdoctoral fellow position as MRMC projects pays for
90% of the research budget and takes precedence over congressional projects. |
was finally able to hire a post doctoral fellow in August 2012 to work full time on this

project.

Jan-Dec 2009: Preliminary Studies -> Studied Structure activity relationship of Caffeic Acid
Phenethyl Ester (CAPE) and its amide derivative CAPA against oxidant stress in human
endothelial cells; Used non-invasing imaging techniques as a tool to demonstrate
hemorrhage-induced global ischemia with a transgenic mouse expressing luciferase
coupled to hypoxia-inducible factor (HIF1a).

Jan-Mar 2010: Established role for hypoxia in some organs of the mouse following
hemorrhage of the FVB.1 2956-Gt{ROSA)26Sortml| (HIF1aluc)Kael/J (HIF 1aLuc) inbred




strain using luminometry analysis. The intestine, spleen and liver were effected organ
while brain, lung, skeletal muscle and heart were not much affected.

Jan-June 2010: Determined that 100 nm CDDO was optimal in vitro for induction of HO-1
in the skin fibroblasts of the HIFTalLuc strain of mouse.

Mar-Aug 2010: Determined that 100 nM CDDO was aiso effective in inducing HO-1 in
human umbilical vein endothelial (HUVEC) cells indicating a cross species benefit.

August 2010 — October 2011: Compared CDDO-Im, CAPE, CAPA induced HO-1 mediated
cytoprotection against menadione-induced-oxidative stress in HUVEC cells.

November 2011 — December 2012: Determined appropriate dose of CDDO-Im (50-100
nm} in a mouse model.

January 2012 —August 2013 Evaluated cytoprotective effects of CDDO-Im in a mouse
model. Analyzed various organs, using Western Blot and other biochemical assays, for
proof of cytoprotection.

REPORTABLE OUTCOMES:

List of Presentations and Manuscripts. The presentations and manuscript contains all the
relevant data (figures, tables, conclusions) pertaining to this research. Copies of
manuscript and presentations are attached with this report.

PRESENTATIONS:

1. Experimental Biology 2009: Cytoprotective effect of a synthetic triterpenoid against
oxidative stress in human umbilical vein endothelial cells (HUVEC). FASEB J. April
2009 23 (Meeting Abstract Supplement) 937.7

2. ATACC 2009: Noninvasive imaging of hemorrhage-induced global ischemia with a
transgenic mouse expressing [uciferase coupled to hypoxia-inducible factor
(HIF1q).

3. Experimental Biology 2009: Structure activity relationship of Caffeic Acid Phenethyl
Ester (CAPE) and its amide derivative CAPA against oxidant stress in human
endothelial cells. FASEB J. April 2009 23 (Meeting Abstract Supplement) 937.8.

4. Experimental Biology 2010: Cytoprotection of Human Endothelial Cells from
Oxidative Stress by Polyphenols: the Role of Gene Expression versus Direct
Antioxidant Effect.

5. Experimental Biology 2010: Induction of Hypoxia Inducible Factor 1 Alpha (HIF 1)
by Caffeic Acid Phenethyl Ester (CAPE) and Caffeic Acid Phenethyl Amide (CAPA)
in Mouse Skin Fibroblasts. FASEB J. April 2010 24 (Meeting Abstract
Supplement) 760.2.




6. ATACC 2011: Poor Correlation between In Vivo Imaging and Production of Light by
Organs in Transgenic Mouse Engineered to Express Luciferase in Response to
Hypoxia.

7. Experimental Biology 2011: Time Course and Network Analysis of 1-[2-Cyano-3,12-
dioxooleana-1,9(11)-dien-28-oyllimidizole (CDDO-Im) Induction of Cytoprotective
Genes in Human Umbilical Vein Endothelial Cells (HUVEC) Against Oxidant Stress.
FASEB J. April 2011 25 (Meeting Abstract Supplement) 1090.3.

8. American Association of Pharmaceutical Scientists (AAPS) 2012: Determination of
the Minimum Exposure Time for Effecting Cytoprotection in Human Umbilical Vein
Endothelial Cells (HUVEC) for Caffeic Acid Phenylethyl Ester (CAPE) and Amide
(CAPA).

9. American Association of Pharmaceutical Scientists (AAPS) 2013: Comparison of
atmospheric oxygen versus physiological levels on cytotoxicity of menadione
and cytoprotection by antioxidants in human endothetial cells.

10. American Association of Pharmaceutical Scientists (AAPS) 2013: Pharmacokinetic
Profiles of Caffeic Acid Phenethyl Amide (CAPA) and Caffeic Acid Phenethyl Ester
(CAPE) in Male Sprague-Dawley Rats.

11.American Association of Pharmaceutical Scientists (AAPS) 2013: Comparison
of caffeic acid phenylester (CAPE), caffeic acid phenylamide (CAPA) and 2-cyano-
3,12 dioxooleana-1,9 dien-28-imidazolide (CDDO-Im} in protecting human
endothelial cells from oxidative stress: The Role of Heme Oxygenase.

12. American Association of Pharmaceutical Scientists (AAPS) 2013: Network Analysis
of the Cytoprotective Effect of CODO-Im against Oxidant Stress in Human Umbilical
Vein Endothelial Celis (HUVEC).

MANUSCRIPTS:

1. Comparison of Bioluminescence Imaging and Luminometry for Detection of
Luciferase Activity in Transgenic Mice Engineered to Express Luciferase in
Response to Hypoxia. (submitted)

2. Cytoprotection of human endothelial cells against menadione-induced oxidative
stress by 2-Cyano-3,12-dioxooleana-1,9-dien-28-imidazolide (CDDO-Im): a more
potent cytoprotectant than caffeic acid phenethyl ester (CAPE). (In preparation}

3. Gene expression of the cytoprotective response of human endothelial cells to 2-
Cyano-3,12-dioxooleana-1,9-dien-28-imidazolide (CDDO-Im) and methy! ester
(CDDO-Me). (In preparation)

4. Pharmcodynamics of HO-1 induction in mice pretreated with CDDO-Me and
subjected to hemorrhagic shock. (In preparation)



CONCLUSION: One of the current requirements for development of drugs for treatment
hemorrhagic shock is that a candidate drugs be FDA approved for some use or close to
approval. CDDO-Me and CDDO-Im are in phase 3 clinical trials for chronic kidney disease
and diabetes and as a chemopreventative for cancer development. Both CDDO-Me and
CDDO-Im have been demonstrated to potently upregulate HO-1 in vitro. Synthetic
oleanolic acid derivatives may become important contributors to devising
polypharmacological approaches to reducing the impact of hemorrhagic shock.

REFERENCES: See presentations and manuscripts in preparation
APPENDICES: Please refer to REPORTABLE OUTCOMES section.

SUPPORTING DATA: Please refer to REPORTABLE OUTCOMES section.







































Comparison of Bioluminescence Imaging and
Luminometry for Detection of Luciferase
Activity in Transgenic Mice Engineered to
Express Luciferase in Response to Hypoxia

Ashish Rastogi'?, Tames Bynum"’, Salomon Stavchansky’, and Phillip Bowman'

"USAI‘H?}" Instinne of Surgical Rescarch. Fort Sam Houston, TX 78234

*Division of Pharmaceutics, College of Pharmacy, The University of Texas at Austin, TX 78712

Abstract: Bioluminescence imaging was compared with luminometry for quantitative
determination of luciferase activity using transgenic mice as a model that is engineered to
accumulate luciferase in response to hypoxia. Mice were hemorrhaged and in vive imaging
was performed at 4 h. Mice were then euthanized and organ reimaged ex vive or frozen prior
to luminometry. Luminometry rather than imaging showed differential expression of
luciferase in hemorrhaged mice compared to sham indicating upregulation of HIF-1aq.,
Luminemetry was found to be more precise than in vive or ex vive imaging for determining
the effect of hypoxia for this particular mouse strain.

©2010 Optical Society of America

OCIS codes: (170.0110) Imaging Sysiems; (170.3880) Medical and biological imaging.
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1. Introduction

Bicluminescence imaging is a simple and sensitive method that is based on detection
of light emission from celis or tissues [1]. The luciferase gene is commonly used as a reporter
under the control of a promoter of interest. The technique provides a low-cost, non-invasive,
and real-time method to perform gene expression assays in living animals [2-3]. The
technique greatly reduces the number of animals sacrificed per experiment while providing
sufficient information on gene regulation and protein fiunction in the context of functional
tissues and organ systems [4]. It has been widely used to track tumor cells, bacterial and viral
infections, and gene expression and to develop chemotherapeutic drugs [5-6]. Additionally,
quantitative iz vive bioluminescence imaging has been used to study the efficiency of gene
transfer in the liver and other organs [7-8]. Luminescence from the expression of the
luciferase gene can also be measured /in vifre by using a luminometer, which provides a
convenient, rapid, and sensitive method for quantifying gene expression when used with a
luciferase reporter assay system [9-10]. However, the two techniques — bioluminescence
imaging and luminometry - have not yet been compared to determine which provides a better
quantification of luciferase activity. In the present study, bioluminescence imaging and
luminometry technijlues were  compared using a  transgenic FVB.12986-
GH{ROSA)26Soy™ M1 eKae T 1 ouse strain that has been genetically engineered to express
luciferase with accumulation of HIF-1q [11]. Excessive loss of blood, such as in hemorrhage,
causes reduced oxygen supply to some organs leading to accumulation of hypoxia inducible
factor (HIF-1¢ ) [12-13]. However, those organs most effected have not yet been determined.
In this study we have attempted to use ir vive imaging to determine the luciferase activity as a
function of hypoxia in organs most affected by hemorrhage. Organs were removed and
imaged again ex vivo. Finally, organs were homoegenized, and luminescence was measured
with a luminometer. The results of the three studies were compared to determine which
method provided the most precise way to quantify luminescence from hemorrhaged organs,



2. Materials and Methods
2.1 Mice and Hemorthage

Experiments were conducted in accordance with the guidelines set forth by both the
US Army Institute of Surgical Research (USAISR) and the guidelines of the National
Institutes of Health (NIH) for animal care and use. The study was approved by the USAISR’s
Institutional  Animal Care and Use Committee. Male FVB.129S6-GHR(OSA)26-
Sop'm!HiFid liciKaelt yiee (Jackson Labs, Bar Harbor, ME) 8-12 weeks old and weighing 25-30
g were used in the study. The mice were allowed food and water ad libitum and provided with
environmental enrichiment tools, Before the study, they were observed for 1 week to allow for
environmental changes and to exclude the possibility of pre-existing disease.

Amimals were divided into two experimental groups, sham and hemorrhage, Afier
anesthesia with 2% isoflurane in air, hemorthage was accomplished by removing 40% of the
calculated blood volume with a lancet (Medipoint, Mineola, NY) via the submaxillary vein of
the anesthetized mouse, and sterile gauze was applied to the vein to stop further bleeding. The
calculated blood volume to be removed for each mouse was based on its weight [14]. For
sham conltrols, lancet was applied but bleeding was immediately stopped by application of
sterile gauze.

2.2 Imaging

A 50-mg/m] solution of potassium salt of D-Luciferin (Caliper Life Sciences,
Hopkinton, MA) was prepared with phosphate buffered saline, pH 7.4. Continuous delivery of
luciferin was achieved by using osmotic purnps (Alzet, Cupertino, CA) as described by Gross
et al. [15]. At least 24 h pnior to imaging, the osmotic pumnps were filled with Tuciferin
solution and implanted on the dorsal side of the mice. Four hours after hemorrhage, mice from
both groups were anesthetized with 2% isoflurane-air mixture. The mice were then imaged
with the In ¥ive Imaging System (IVIS") Lumina II bioluminescence system (Caliper Life
Sciences, Hopkinton, MA). The light coming from various organs, as a function of luciferase
production concomitant with HIF-1a induction, was quantified from the images with Living
Image software 3.0.4. Mice were then euthanized and portions of each organ reimaged or
frozen in liquid nitrogen and stored at -80° C for in vitre luciferase quantification with a
luminometer.

2.3 Luminometer Analysis

The luciferase assay system (Promega, Madison, W1) was used for quantitative

analveie nf tieeneg from the sham and hemo]]'hage gronne The analitical mathad wmac
cordance with the manufacturer’s prot

were homogenized in 500 pl of lysis buffer that was suppiiea as pan o1 uig WwGITETase assay
systermn and previously mixed with 1 proteinase inhibttor (Thermo Fisher Scientific,
Waltham, MA). The tissue lysates was centrifuged at 14000 rpm for 5 minutes. The
supernatant was collected, and an aliquot was assayed for luciferase activity by using the
modulus microplate luminometer{Promega, Madison, WI) and luciferin as the substrate. The
light intensities were calculated by measuring the relative luminescence unit (RLU) signal. A
portion of the supernatant was alse used for determining the amount of protein in the tissue
lysates with the Pierce 600-nm Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA).
The luminescence emitted from each organ was recorded as RLUSs per milligram of protein.






Table 1: Average biolumincscence intensity (in counts) of organs as observed from the in vivo images of the
hemorrhage and sham groups are shown. Quuntitative analysis of kidney, liver, and testes is shown as accurate
positioning of other organs was not visible. The data is represented as mean with standard deviation (N =3; *p

< 0.05).
Group Testes Liver Kidney
Hemorrhage 1634 £60.2 117.8+£62.9 54.8+£45.5
Sham 150.6£536 74.6+32.4 47.0+£23.5
Ratio (H/S) 0.5% 1.6% 1.2

3.2 Ex vive Imaging of Organs

Bioluminescence imaging of the whole animal may be affected by various factors
such as blcod flow and scattering of light photons. Hence, ex vive imaging of isolated organs
was performed to observe the luminescence in individual organs. Fig. 2 shows ex vivo images
of various organs isolated from both the sham and hemorrhage groups. It is our observation
that the intensity of bioluminescence exhibited from an organ from animals belonging to the
same group was variable. In addition, not all organs exhibited bioluminescence in each

animal.

Fig. 2. Images of varicus organs after removal from a sham or hemorrhage animal. Images are from a representative
mouse from each group.




3.3 Quantitative Luminometer Analysis of Homogenized Organs

After homogenization, isolated organs were quantified with the luminometer. Table
2 shows the average luminescence/mg of protein of organs isolated from the hemorrhage and
sham groups. The luminometer analysis shows that the hemorrhage group has higher
luminescence values than the sham group in all sets of organs (p - 0.03). The results obtained
with the luminometer are more in accordance with the theory that animals with hemorrhage
due to hypoxia will exhibit higher luminescence than the sham group because of upregulation
of HIF-1q

Western blot analysis for HIF-1a in proteins from nuclear extracts of various organs
such as fung, liver, kidney, and spleen failed to vield any significant results. Qur results were
in accordance with a previous study by Lysiak et al., who were only able to detect HIF-1a in

testes [16]. One reason could be the low density of HIF-1¢ in the organs. In such a scenario,
the i vitro luminometer provides a reliable and sensitive tool to detect HIF- 1w in hypoxic
organs,

Table 2: Average luminescence (in millions relative leminescence units/ mg of protein} of organs isolated from
hemorrhage and sham groups are shown, The Juminometer analysis shows hemorrhage groups have higher
luminescence values than the sham group indicating hypoxia in the hemorrhage group. The results are shown as

mean with standard deviation (N =4; *p < 0.05).

Group Lung Liver Kidney Spleen
Hemorrhage 3.2+£09 13.7+3.2 S54x1.1 41+1.2

Sham 1.1+04 7.6x£23 1.7+ 0.3 3417
Ratio (H/S)* 3.0% 1.8% 3.2% 1.2

*H/S = hemorrhage sham group.

4 Discussion

Although in vivo bioluminescence imaging and ir vitro luminometer analysis have
both been previously used to study hypoxia-related luminescence [17-211, to our knowledge,
there hasn’t been a single report that discusses the correlation between the two techniques. In
the present study, we employed a transgenic mice model to compare the two techniques for
their ability to quantitatively determine the degree of luciferase activity in response to
hypoxia. Hypoxia was induced by subjecting the Rosa-Luc mice to 40% hemorrhage. The
resulting induction of HIF-1a in various organs was studied in correlation to the amount of
luminescence emitted. fa vive bioluminescence images demonstrated that HIF-1¢ induction
was greater in the hemorrhage group than in the sham group. However, bioluminescence
imaging showed poor quantitative ability, possibly because quantitative differentiation of



different organs using /n vive bioluminescence imaging is difficult in conditions such as
hemorrhagic shock, which affects various regions in a hemorrhaged animal. Different organs
may also exhibit luminescence differently due to their positioning and distance from the light
source. On the other hand, the luminometer provided a simple and reliable tool to quantify the
amount of luminescence emitted from several organs. Nevertheless, one clear advantage of
bioluminescence imaging over luminometer analysis is that the former is a total noninvasive
technique, whereas the latter requires euthanization of the animal. Bicluminescence imaging
is an attractive method for qualitative analysis as it enables serial and rapid collection of data..
However, for quantitative determination of Tuciferase activity, luminometry provides a more
precise method.

5 Conclusion

Luminometer data rather than ix vive or ex vivo imaging analysis confirmed that hemorrhaged
animals show higher luminescence due to accumulation of HIF-1e in specific organs. Some affected
{hypoxic) organs did not yield significant amounts of light by /n vive imaging. The luminometer was found
to be more reliable than bioluminescence imaging methods in the evaluation of hypoxic organs. The Rosa-
Luc transgenic mice provided a useful model to determine luciferase activity in organs affected by hypoxia.





