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Systemic inflammatory response syndrome (SIRS) is an inflamma-
tory state affecting the whole body. It is associated with the

presence of pro- and antiinflammatory cytokines in serum, including

tumor necrosis factor (TNF). TNF has multiple effects and leads to

cytokine production, leukocyte infiltration, and blood pressure
reduction and coagulation, thereby contributing to tissue damage

and organ failure. A sterile mouse model of sepsis, TNF-induced

SIRS, was used to visualize the temporal and spatial distribution of

damage in susceptible tissues during SIRS. For this, a radiophar-
maceutical agent, 99mTc-duramycin, that binds to exposed phos-

phatidylethanolamine on dying cells was longitudinally visualized

using SPECT/CT imaging. Methods: C57BL/6J mice were chal-
lenged with intravenous injections of murine TNF or vehicle, and

necrostatin-1 was used to interfere with cell death. Two hours after

vehicle or TNF treatment, mice received 99mTc-duramycin intrave-

nously (35.44 ± 3.80 MBq). Static whole-body 99mTc-duramycin
SPECT/CT imaging was performed 2, 4, and 6 h after tracer injec-

tion. Tracer uptake in different organs was quantified by volume-of-

interest analysis using PMOD software and expressed as SUVmean.

After the last scan, ex vivo biodistribution was performed to validate
the SPECT imaging data. Lastly, terminal deoxynucleotidyl-trans-

ferase–mediated deoxyuridine triphosphate nick-end labeling

(TUNEL) staining was performed to correlate the obtained results

to cell death. Results: An increased 99mTc-duramycin uptake was
detected in mice injected with TNF, when compared with control

mice, in lungs (0.55 ± 0.1 vs. 0.34 ± 0.05), intestine (0.75 ± 0.13 vs.

0.56 ± 0.1), and liver (1.03 ± 0.14 vs. 0.64 ± 0.04) 4 h after TNF and
remained significantly elevated until 8 h after TNF. The imaging

results were consistent with ex vivo γ-counting results. Significantly

increased levels of tissue damage were detected via TUNEL stain-

ing in the lungs and intestine of mice injected with TNF. Interest-
ingly, necrostatin-1 pretreatment conferred protection against lethal

SIRS and reduced the 99mTc-duramycin uptake in the lungs 8 h after

TNF (SUV, 0.32 ± 0.1 vs. 0.51 ± 0.15). Conclusion: This study

demonstrated that noninvasive 99mTc-duramycin SPECT imaging

can be used to characterize temporal and spatial kinetics of injury

and cell death in susceptible tissues during TNF-induced SIRS,

making it useful for global, whole-body assessment of tissue dam-
age during diseases associated with inflammation and injury.
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Acute systemic inflammation occurs in many severe condi-
tions, such as sepsis, severe burns, hemorrhage, and ischemia and

reperfusion, and serves to remove invading microorganisms and to

restore homeostasis (1,2). However, an unbalanced and uncontrolled

regulation of the inflammatory response causes systemic inflamma-

tory response syndrome (SIRS) (3), which correlates with a cytokine

storm in the circulation, that is, production and secretion of proin-

flammatory cytokines, including tumor necrosis factor (TNF) (4).

Subsequently, an amplification in cytokine release, leukocyte infil-

tration, microvascular dysfunction, consecutive hypotension, and

coagulation leads to oxygen deprivation in different tissues, which

induces cell death and damage in many organs, a state also known as

multiple organ injury (5). Various experimental models exist to

mimic SIRS in vivo, of which in one TNF is injected intravenously,

thereby mimicking the acute hyperinflammatory phase of SIRS.

TNF-induced SIRS is a well-known commonly used mouse model

of sterile sepsis (6–8), which was also used in this study.
Receptor-interacting protein kinases (RIPKs), which are impli-

cated in apoptosis, and in a regulated form of necrosis (also known

as necroptosis (9)), were previously reported to play a crucial role in

the TNF-induced SIRS pathology (6,8,10). Depending on the cell

death modality, dead or dying cells manifest different characteristics,

ranging from membrane blebbing in apoptosis to complete cell dis-

ruption in necroptosis. Intriguingly, both apoptotic and necroptotic

cells display a similar loss of lipid asymmetry in their plasma mem-

branes, by translocation of different phospholipids from the inner

plasma membrane leaflet to the outer plasma membrane leaflet (11).

The best-studied flipped phospholipids in the context of cell death

are phosphatidylserine (12–14) and phosphatidylethanolamine

(15,16), which thus represent interesting targets for cell death
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visualization, during, for example, SIRS or ischemia and reperfu-
sion. Phosphatidylserine and phosphatidylethanolamine can be
imaged through selective binding by annexin-V (17–19) and dura-
mycin (15,20), respectively, both of which can be bioconjugated
or labeled. Because the binding specificity of annexin-V to phos-
phatidylserine disappears in the absence of Ca21 (21), and high
abdominal background levels complicate annexin-based image
analysis, the specific binding of the lantibiotic probe duramycin
to phosphatidylethanolamine pops up as an attractive alternative.
Because of its high affinity to phosphatidylethanolamine, its stable
and rigid character, and its lack of cross-reactivity with other
phospholipids, it is an easy and specific tool to use in in vivo
imaging studies (15,22). Because of the known limitations associ-
ated with avidin–biotin systems (background) and green fluorescent
protein (poor light penetration through tissues), 99mTc is one of the
most widely used radiolabels for duramycin. As such, 99mTc-duramy-
cin has been applied extensively to detect dead or dying cells in vivo,
for example, in atherosclerotic plaques (23), in tumors challenged by
different chemotherapy or radiotherapy schemes (24,25), or in differ-
ent stages of lung injury (26), where it can be useful in the charac-
terization of new cell death biomarkers.
The aim of this study was to characterize the temporal and

spatial kinetics of injury in susceptible tissues during TNF-
induced SIRS. Therefore, we followed 99mTc-duramycin–induced
cell death in TNF-injected mice by using noninvasive SPECT
imaging. RIPK1 blocking studies, ex vivo biodistribution studies,
and terminal deoxynucleotidyl-transferase–mediated deoxyuridine
triphosphate nick-end labeling (TUNEL) staining were included to
validate the imaging data and to confirm the specificity of 99mTc-
duramycin in detecting RIPK1-dependent cell death during SIRS.
We found a TNF-induced increase in 99mTc-duramycin uptake in
the lungs, intestine, and liver, and we characterized the lungs as a
potential target for RIPK1-mediated cell death. Furthermore,
TUNEL images of the lungs confirmed the decrease in the degree
of cell death after administration of a RIPK1 kinase inhibitor.
Noninvasive imaging of cell death during SIRS could be helpful
to screen different pathologic sites or to assess the extent of tissue
damage, making it an interesting tool for future clinical studies.

MATERIALS AND METHODS

Mice

Male C57BL/6J wild-type mice were purchased from Janvier. All
mice were bred in specific pathogen-free conditions, were used at the

age of 8–10 wk, and were housed in air-conditioned, temperature-

controlled rooms with 14-h/10-h light/dark cycles. Food and water

were provided ad libitum. All experiments were organized according

to institutional, national, and European animal regulations. All exper-

iments were approved by the animal ethics committees at Antwerp

University (ECD 2015-41) and Ghent University (ECD 2016-029).

TNF-Induced Lethal Shock: Monitoring and Sampling

Necrostatin-1 (480065; Merck) was dissolved in dimethylsulfoxide,
further diluted in endotoxin-free Dulbecco phosphate-buffered saline

(Sigma-Aldrich), and injected intravenously in a 200 mL volume at 6.25

mg/kg, 15 min before intravenous injection of murine TNF (10 mg/20 g)

in 200 mL of endotoxin-free phosphate-buffered saline (pH 6.8). Control

mice received an equal amount of Dulbecco phosphate-buffered saline

(vehicle) intravenously 15 min before challenge with TNF. Recombi-

nant mouse TNF was produced in Escherichia coli and purified (.95%)

in the Protein Service Facility (IRC), with a biologic activity of 4.15 ·
109 IU/mg (determined with MTT [3-[4,5-dimethylthiazole-2-yl]-2,5-

diphenyltetrazolium bromide] assay). Two hours after TNF injection,

200 mL of purified 99mTc-duramycin (35.44 6 3.80 MBq) were in-
travenously injected. Body temperatures were monitored with an elec-

tric thermometer (Model 1; Comark Electronics) until 8 h after TNF
injection.

Radiolabeling of Duramycin

A kit (kindly provided by Molecular Targeting Technologies, Inc.)
was used to prepare 99mTc-duramycin. A 1,480-MBq quantity of 99mTc-

pertechnetate in 500 mL of saline was added to the kit and heated for
20 min at 80�C. The obtained 99mTc-duramycin was purified using

high-performance liquid chromatography as described previously (25).

In Vivo Small-Animal SPECT/CT Imaging and Ex Vivo

Biodistribution Studies

At 2, 4, and 6 h after 99mTc-duramycin injection, 20-min static
whole-body images were acquired, followed by 10-min whole-body

high-resolution CT scans, using a small-animal SPECT/CT scanner
(VECTor/CT; MILabs) equipped with a rat multipinhole SPECT colli-

mator. The mice were anesthetized with isoflurane (;2%), and body
temperature was maintained using a heating pad. SPECT images were

reconstructed with ordered-subsets expectation maximization (10 itera-
tions, 16 subsets) and a 1.2-mm3 voxel size. A 20% energy window

centered on the 140-keV photopeak was used. Volumes of interest were
drawn on the SPECT/CT images using PMOD software (PMOD Tech-

nologies) for intestines, lungs, liver, and kidneys. 99mTc-duramycin
uptake was quantified as SUVmean using the formula [average radioac-

tivity concentration (in kBq/cm3) in the volumes of interest]/[decay-
corrected amount of injected activity (in kBq)/body weight (g)].

After the last static scan (8 h after TNF injection or 6 h after tracer
injection), the mice were euthanized by cervical dislocation under

isoflurane anesthesia, for ex vivo biodistribution. Blood and different
organs and tissues were harvested, rinsed in Dulbecco phosphate-

buffered saline, blotted dry, and weighed, and the radioactivity in the
samples was counted by an automatic g-counter (Wizard2 2480; Perkin

Elmer). Uptake of 99mTc-duramycin was decay-corrected and presented
as percentage injected dose per gram.

Immunohistochemistry

Histologic samples were collected 6 h after TNF injection and
evaluated on paraffin sections. Cell death was identified by TUNEL

(TMR in situ cell death detection kit; Sigma-Aldrich) and counter-
stained with DAPI (49,6-diamidino-2-phenylindole; Thermo Fisher

Scientific). Micrographs were acquired using an Axioscan Z.1 slide
scanner (Carl Zeiss) at ·20 magnification and an ORCA Flash4 cam-

era (Hamamatsu Photonics) while illuminated by an HXP 120-V light
source. Histologic data were analyzed using Volocity (PerkinElmer)

and QuPath (GitHub) software.

Statistical Analysis

Statistical analysis was performed with GraphPad Prism software
(version 7.0). One-way ANOVA or 2-way repeated-measures ANOVA

was used for multiple comparisons between several groups, followed
by a Bonferroni test. A P level of less than 0.05 was considered sta-

tistically significant.

RESULTS

TNF-Induced SIRS Leads to Higher In Vivo Uptake of
99mTc-Duramycin

Because TNF-induced SIRS is an acute model, mimicking a
cytokine storm and inducing tissue damage only a few hours after
TNF is injected (6), we assessed the in vivo uptake of 99mTc-
duramycin at 4, 6, and 8 h after TNF treatment. TNF led to a
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significantly increased SUV in different organs, including lungs,
liver, and intestine, when compared with control mice (Fig. 1A).
This increase was detected and maintained at the 3 time points

included in this study. The increased uptake of 99mTc-duramycin

in lungs, liver, and intestine in TNF-treated mice, compared with

vehicle-treated mice, was also visible in the SPECT/CT images

generated at 6 and 8 h after TNF treatment (Figs. 1B–1D). The ex

vivo biodistribution data obtained 8 h after TNF treatment con-

firmed the increased uptake in lungs, liver, and small intestine,

whereas no significant differences in tracer uptake were detected

in the other isolated organs and tissues (Fig. 2). The accumulation

of radioactivity was highest in kidneys, reflecting normal tracer

clearance (Fig. 2) (25). Of note, a significant increase in 99mTc-

duramycin uptake in kidneys was observed 8 h after TNF treat-

ment (SUVmean, 3.4481 6 0.82), when compared with the 4 h

levels (SUVmean, 3.059136 0.54), whereas for the control animals

no change in kidney uptake could be detected (Fig. 1A). Neverthe-

less, because of the high background levels caused by tracer clear-

ance, the kidneys were not further analyzed in this study.

Necrostatin-1 Significantly Blocks In Vivo 99mTc-Duramycin

Uptake in Lungs

It is known that inhibition of the kinase activity of RIPK1 by
necrostatin-1 leads to complete protection against hypothermia and

mortality during TNF-induced SIRS (6). Furthermore, a decrease in

the release of cytokines, such as interleukin-6 and interleukin-1, and of

organ damage parameters, such as alanine aminotransferase, aspartate

aminotransferase, and creatine kinase, was observed in the circulation

of mice receiving necrostatin-1 pretreatment upon TNF injection (6).

Therefore, we were interested in the effect of necrostatin-1 on 99mTc-

duramycin uptake, to validate the occurrence
of RIPK1-mediated cell death during TNF-
induced SIRS. Interestingly, a decreased up-
take of 99mTc-duramycin was visible in the
SPECT/CT images of animals treated with
necrostatin-1, compared with the animals
receiving vehicle pretreatment upon TNF
injection (Fig. 3A). However, after image
quantification, inhibition of RIPK1 kinase
activity only led to a significant decrease of
99mTc-duramycin uptake in the lungs, 8 h
after TNF treatment (Fig. 3B), whereas no
significant differences were observed in any
of the other examined organs, that is, intes-
tine and liver (Supplemental Fig. 1; supple-
mental materials are available at http://jnm.
snmjournals.org). To confirm the protective
effect of necrostatin-1, rectal body tempera-
tures were monitored at each scanning time
point and verified the better outcome upon
necrostatin-1 pretreatment, already visible 6
and 8 h after TNF (Supplemental Fig. 2).

Decreased 99mTc-Duramycin Uptake

in Lungs upon Necrostatin-1

Pretreatment Correlates with

Reduced Cell Death

To validate the reduction in cell death in
lungs upon necrostatin-1, we subsequently
performed ex vivo TUNEL staining on lung
sections 6 h after TNF injection, with or

without pretreatment with necrostatin-1. This time point was chosen
because TUNEL positivity was previously shown to be present 6 h
after TNF injection in liver and intestine (6). A significant increase in
the percentage of TUNEL-positive cells was observed in the lungs
of mice challenged with TNF, whereas necrostatin-1 could sig-
nificantly protect mice against this increase (Figs. 4A and 4B),
suggesting a RIPK1-mediated cell death induction in lungs.
These results were in line with the decreased 99mTc-duramycin
uptake in the lungs of mice pretreated with necrostatin-1 (Fig. 3).
Intriguingly, necrostatin-1 could also protect against cell death
induction in ileum, as quantified by TUNEL staining (Fig. 4A),
whereas we did not observe any significant effect of necrostatin-
1 on 99mTc-duramycin uptake in intestine (Supplemental Fig. 1).
Similarly to ex vivo biodistribution data in large intestine

FIGURE 1. Higher uptake of 99mTc-duramycin after SIRS induction by TNF. Vehicle or TNF was

injected 2 h before 99mTc-duramycin. (A) Graphs showing mean ± SD for 5 animals (each day, 1

animal per group was monitored). *P5 0.0137 and 0.0221 for intestine and 0.0158 for kidney. **P5
0.0058. ***P, 0.001. ****P, 0.0001. (B–D) Coronal SPECT/CT images 6 h (B) or 8 h (C) after vehicle

or TNF, and transversal images (D) 8 h after vehicle or TNF. Higher 99mTc-duramycin uptake with

TNF than with vehicle is indicated by arrows.

FIGURE 2. Biodistribution of 99mTc-duramycin 6 h after tracer injection

and 8 h after TNF injection. Vehicle or TNF was injected 2 h before
99mTc-duramycin. Data are mean ± SD percentage injected dose per

gram (% ID/g) for 5 animals (each day, 1 animal per group was moni-

tored) 8 h after injection of vehicle or TNF. **P 5 0.002. ****P , 0.0001.
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(Fig. 2), no significant increase in cell death induction was vis-
ible in colon on TUNEL quantification (Fig. 4A).

DISCUSSION

Our results illustrate that noninvasive whole-body imaging of
cell death during SIRS might be helpful to identify damaged
tissues and organs throughout the whole body. In the SPECT
imaging study, we were able to pinpoint 3 different organs at risk

during TNF-induced SIRS, namely lungs, small intestine, and

liver. The increase in 99mTc-duramycin uptake in these organs was

obvious 4 h after TNF injection and was maintained until the last

measurement, 8 h after TNF. Ex vivo biodistribution studies using

g-counting confirmed these observations. Next, we identified the

lungs as a possible target for RIPK1-mediated cell death, as

necrostatin-1 could significantly reduce lung uptake of 99mTc-

duramycin, as well as the number of dying or dead cells as

revealed by TUNEL staining. Altogether, our results demonstrated

that 99mTc-duramycin SPECT imaging can allow temporal and

spatial imaging of damage in susceptible organs during TNF-

induced SIRS, and potentially during other inflammatory diseases

associated with cell death dynamics, making it an attractive tool

for future clinical studies.
99mTc-duramycin has been previously used in different in vivo

studies analyzing cell death occurrence (20,25,27). Here, we ap-

plied it to follow damage induction in a sterile mouse model of

sepsis. Our data illustrate the susceptibility of 3 different organs

toward cell death induction during TNF-induced SIRS, namely

lungs, small intestine, and liver (Figs. 1A and 4). During SIRS

and septic shock, these organs are indeed known to be vulnerable

to increased damage, eventually leading to multiple organ failure

(28). Duprez et al. demonstrated increases in TUNEL-positive

cells at the level of ileum and liver during TNF-induced SIRS,

which was also confirmed in our study (6). Furthermore, they

analyzed different inflammatory cytokines (interleukin-6, interleu-

kin-1) and organ damage parameters in circulation, such as as-

partate aminotransferase and alanine aminotransferase (liver),

creatine kinase (heart and kidney), and lactate dehydrogenase

(overall tissue damage), and found increased levels upon TNF

injection. Additionally, they and others showed the involvement

in the SIRS pathology of RIPK1 (6,8), a kinase known to contrib-

ute to apoptosis and a regulated form of necrosis: necroptosis.

Therefore, we aimed to examine the con-
tribution of RIPK1-mediated cell death
during SIRS via prophylactic administra-
tion of necrostatin-1, a kinase inhibitor of
RIPK1 (6). Interestingly, upon administra-
tion of necrostatin-1, we found a signifi-
cant decrease in 99mTc-duramycin uptake
in the lungs after TNF injection (Fig. 3B).
These data are in line with previous obser-
vations showing that necrostatin-1 could
significantly protect against remote lung in-
jury caused by circulating damage-associated

molecular patterns and proinflammatory me-

diators upon necrotic kidney transplants (29).

Since Zhao et al. characterized parthanatos, a
poly(adenosine diphosphate-ribose) polymer-

ase 1–dependent form of cell death, and nec-

roptosis as the main cell death pathways

leading to remote lung injury (29), it is con-

ceivable that also during TNF-induced SIRS, different cell death path-

ways might contribute to the pathology. Hence, the unchanged levels

FIGURE 3. Blocking of 99mTc-duramycin uptake in lungs by pretreatment with necrostatin-1

(Nec-1) 15 min before TNF injection. (A) Coronal SPECT/CT images 8 h after injection of vehicle,

vehicle plus TNF, or necrostatin-1 (Nec-1) plus TNF. (B) Graphs showing mean ± SD for 5 animals

(each day, 1 animal per group was monitored). *P 5 0.0128. **P 5 0.0041, 0.0051, and 0.0032.

****P , 0.0001.

FIGURE 4. Blocking of increase in TUNEL-positive cells by pretreat-

ment with necrostatin-1 (Nec-1) 15 min before TNF injection. After 6 h,

organs were isolated and stained for TUNEL positivity. (A) Ratio of

TUNEL-positive cells to all DAPI-positive cells. Each data point corre-

sponds to 1 of 3–4 sections that were taken per organ per mouse; n 5
total number of mice per group; error bars are SEM from 1 experiment.

*P5 0.0369 for lungs and 0.0473 for ileum. ***P, 0.001. ****P, 0.0001.

(B) Lung sections from mice treated with vehicle (n 5 2), vehicle plus

TNF (n 5 3), or Nec-1 plus TNF (n 5 3) as analyzed by TUNEL 6 h after

TNF. Scale bar 5 50 μm; arrowheads indicate TUNEL-positive cells.
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of 99mTc-duramycin uptake in the intestine and liver upon necrostatin-
1 administration (Supplemental Fig. 1) could be explained by the

presence of other cell death pathways involved. Indeed, in the TNF-

induced SIRS pathology, the gut was proven susceptible to apoptosis

by use of caspase-3 knockout mice (6), confirming the notion that the

presence of different cell death pathways contributes to TNF-induced

SIRS.
An important question remaining in our study is why necros-

tatin-1 affects 99mTc-duramycin uptake only in the lungs and not

in other organs, such as ileum, where it was also able to block cell

death as quantified by TUNEL positivity. One possible explana-

tion could be the differences between the 2 quantification tech-

niques; during TUNEL analysis, only a few sections are analyzed

per organ, whereas the SPECT scanning analysis includes data

obtained on the whole-organ level. Also, whereas TUNEL staining

is based on detection of DNA fragmentation, 99mTc-duramycin

binds to phosphatidylethanolamine, a phospholipid that is flipped

to the outer plasma membrane leaflet when cells are dying or dead.

Thus, it is conceivable that the different cell death detection setups

(ex vivo vs. in situ) might give different results. With regard to

TUNEL as a quantification technique for cell death, it is important

to mention that we applied this method solely to confirm our results

obtained by 99mTc-duramycin. To distinguish apoptosis-susceptible

regions from necroptosis-susceptible regions, a combination of sev-

eral techniques should be used to correctly characterize the cell

death type (30).
In another model of sepsis, known as cecal ligation and

puncture, a near-infrared annexin-V probe, AV-750, was applied to

detect susceptible organs during polymicrobial sepsis (31). Sur-

prisingly, the authors found significant uptake of AV-750 24 h after

cecal ligation and puncture in lymphatic organs such as the thy-

mus, spleen, and liver, with the liver findings corresponding to our

findings (31). However, it has to be noted that annexin-V, because

of its high abdominal background levels, has less future clinical

applicability than duramycin (15). With its low molecular weight,

and hence better pharmacokinetic profile, duramycin correlates

with lower background signals (15); however, because its clear-

ance occurs mainly in the kidneys, detection of renal cell death is

challenging and remains a drawback of its use. Nevertheless, since

different pathologies are linked to cell death, and in vivo imaging

with, for example, 99mTc-annexin-V, has already been performed

in patient studies (19,32), the use of 99mTc-duramycin to detect

cell death in SIRS remains an attractive alternative to monitor

SIRS pathologies and to invest in better treatment guidance.

CONCLUSION

We confirmed that different organs, namely, lungs, intestine,
and liver, are susceptible for phosphatidylethanolamine exposure
as a marker of cellular damage during TNF-induced SIRS, as
shown by increased 99mTc-duramycin uptake. Furthermore, our
study characterized the lungs as a possible target for RIPK1-
mediated cell death and hence demonstrated the relevance of
blocking different cell death proteins, for example, by necrostatin-1,
to help in defining the involved cell death pathways during SIRS.
Finally, this study demonstrated the usefulness of 99mTc-duramycin
SPECT imaging for spatial and temporal visualization of cell death
and damage during SIRS and potentially in other diseases associated
with cell death, inflammation, and injury.
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