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Summary
Objectives—The goal of this study was to use protein array analysis to investigate temporal
regulation of stimulated cytokine expression in trigeminal ganglia and spinal trigeminal nuclei in
response to cotreatment of sumatriptan and naproxen sodium or individual drug.

Background—Activation of neurons and glia in trigeminal ganglia and spinal trigeminal nuclei
leads to increased levels of cytokines that promote peripheral and central sensitization, which are
key events in migraine pathology. While recent clinical studies have provided evidence that a
combination of sumatriptan and naproxen sodium is more efficacious in treating migraine than
either drug alone, it is not well understood why the combination therapy is superior to
monotherapy.

Methods—Male Sprague Dawley rats were left untreated (control), injected with capsaicin, or
pre-treated with sumatriptan/naproxen, sumatriptan, or naproxen for 1 hour prior to capsaicin.
Trigeminal ganglia and spinal trigeminal nuclei were isolated 2 and 24 hours after capsaicin or
drug treatment and levels of 90 proteins were determined using a RayBio® Label-Based Rat
Antibody Array.

Results—Capsaicin stimulated a >3-fold increase in expression of the majority of cytokines in
trigeminal ganglia at 2 hours that was sustained at 24 hours. Significantly, treatment with
sumatriptan/naproxen almost completely abolished the stimulatory effects of capsaicin at 2 and 24
hours. Capsaicin stimulated >3-fold expression of more proteins in spinal trigeminal nuclei at 24
hours when compared to 2 hours. Similarly, sumatriptan/naproxen abolished capsaicin stimulation
of proteins in spinal trigeminal nuclei at 2 hours and greatly suppressed protein expression 24
hours post capsaicin injection. Interestingly, treatment with sumatriptan alone suppressed
expression of different cytokines in trigeminal ganglia and spinal trigeminal nuclei than repressed
by naproxen sodium.

Conclusion—We found that the combination of sumatriptan/naproxen was effective in blocking
capsaicin stimulation of pro-inflammatory proteins implicated in the development of peripheral
and central sensitization in response to capsaicin activation of trigeminal neurons. Based on our
findings that sumatriptan and naproxen regulate expression of different proteins in trigeminal
ganglia and spinal trigeminal nuclei, we propose that these drugs function on therapeutically
distinct cellular targets to suppress inflammation and pain associated with migraine.
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Introduction
Migraine is a prevalent neurological disease that is characterized by intense head pain and
often accompanied by sensitivity to light and sound as well as other autonomic changes.1, 2

The pain associated with migraine attacks is thought to be mediated via activation of
trigeminal nerves that provide sensory innervation to the dura and major cerebral blood
vessels and thus, are responsible for conduction of nociceptive signals from peripheral
tissues to the central nervous system.3 Based on preclinical and clinical data, migraine
pathology involves both peripheral and central sensitization.4 Peripheral sensitization, which
occurs at the beginning of a migraine attack and is thought to be of short duration, lowers
that activation threshold of primary nociceptive neurons to inflammatory or noxious stimuli.
In contrast, central sensitization, which has a later onset and is of much longer duration,
involves lowering the activation threshold of second and third order neurons that contributes
to hyperalgesia and allodynia. Development and maintenance of peripheral and central
sensitization is now known to be promoted by increased expression and release of pro-
inflammatory proteins including cytokines.5

Cytokines are a large family of structurally diverse proteins that promote inflammation and
participate in almost all aspects of both innate and adaptive immune responses.6 The
cytokines, which include interleukins, lymphokines, chemokines, and cell signal molecules,
function by mediating cellular processes such as hematopoiesis, apoptosis, cell migration,
and cell proliferation, and activation of pro-inflammatory signaling pathways.5, 6 While
known to play an important role in immune system function, increased expression of
cytokines is now implicated in the development and maintenance of sensitization of
peripheral nociceptors and second order nociceptive neurons.5–7 Cytokines are synthesized
and released by glial cells associated with peripheral and central neurons.8–11 The
importance of glial cells in the underlying pathology of many neurological diseases is now
recognized given their central role in regulating the extracellular environment around
neurons and hence, neuronal excitability.12, 13 In particular, satellite glial cells are known to
modulate the environment around neuronal cell bodies within trigeminal ganglia while a
similar function is performed by astrocytes and microglia within the spinal cord and brain.
Importantly, increased cytokine release from glial cells is thought to promote prolonged
inflammation and a pathological pain state by increasing the number and function of ion
channels, receptors, and signaling proteins that leads to a chronic hyperexcitable state in
nociceptive neurons.14–16 Elevated levels of several pro-inflammatory cytokines and
chemokines have been reported during migraine, menstrual migraine, as well as chronic
migraine.17, 18

The two most popular classes of drugs used as abortive treatment for migraine are the
triptans and non-steroidal anti-inflammatory drugs (NSAIDs). Although both drug classes
are known to be effective migraine therapies, the mechanisms by which they function are
thought to involve different cellular targets. Triptans are a class of selective serotonergic
drugs that inhibit the release of neurotransmitters from activated trigeminal neurons.19, 20

While repression of neurotransmitter release in peripheral tissues, such as the dura, would
block inflammation and peripheral sensitization, suppression of neurotransmitter secretion in
the spinal cord and brainstem would prevent activation of second order neurons and spinal
glial cells, and hence the development of central sensitization. On the other hand, the
primary targets of NSAIDs such as naproxen are the COX-1 and COX-2 enzymes that are
responsible for the production of prostaglandins, lipid compounds that promote
inflammation and pain.21 Significantly, results from several studies have provided evidence
that a single tablet of sumatriptan succinate and naproxen sodium (sumatriptan/naproxen) is
superior to monotherapy for the treatment of migraine 22–24. While it has been proposed that
sumatriptan and naproxen are likely to function in different ways to treat the diverse
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symptoms of migraine, the relative contributions of each drug within the trigeminal system
have not been extensively investigated. Therefore, the goal of our study was to determine
the effects of sumatriptan/naproxen or either drug alone on expression of multiple cytokines
and signaling proteins within trigeminal ganglia and spinal trigeminal nucleus in response to
stimulation of trigeminal neurons by the noxious agent capsaicin.

METHODS
Animals

All animal experimental procedures were conducted in accordance with institutional and
National Institutes of Health guidelines. Male Sprague–Dawley rats (Charles River,
Wilmington, MA) were housed in plastic cages on a 12 h light/dark cycle with unrestricted
access to food and water. Every effort was made to minimize animal suffering and reduce
the number of animals used.

In Vivo Treatments and Tissue Isolation
Male rats (250–300 g) were anesthetized by isoflurane inhalation (2.5–3%). Assessment of
proper anesthesia was performed by monitoring writhing and tail flick reflexes. For
induction of acute inflammation, rats were injected bilaterally in the eyebrow regions (25 µL
total) with 1 µM capsaicin (diluted in 100% dimethylsulfoxide; Sigma-Aldrich, St. Louis,
MO). To test the effect of different drug treatments, animals (n = 3 for each condition) were
treated with systemic sumatriptan/naproxen (0.3 mg/kg; GlaxoSmithKline, Research
Triangle Park, NC /2.8 mg/kg i.p.; Sigma-Aldrich) or pre-treated with sumatriptan/naproxen,
naproxen (2.8 mg/kg i.p.), or sumatriptan (300 mg/kg i.p.) for 1 hour prior to capsaicin
injection to allow time for absorption of drug. As controls, some rats (n = 3) did not receive
injections. Both trigeminal ganglia and sections of the upper spinal cord containing the
spinomedulary junction (Vc/C1) transition zone were isolated 2 and 24 hours after capsaicin
injections following CO2 asphyxiation.

Array Analysis
The intracellular levels of 90 proteins were determined using the L Series 90: RayBio®
Label-Based Rat Antibody Array 1 per manufacturer’s instructions (RayBiotech, Norcross,
GA). Briefly, one trigeminal ganglion containing all three regions and sections of upper
spinal cord containing spinal trigeminal nuclei (4–5 mm posterior to the obex) from each
animal were homogenized in lysis buffer and dialyzed in phosphate buffered saline (PBS;
pH 8.0) for a minimum of 9 hours with 3 PBS changes. Protein levels were determined by
Bradford assay and diluted to 2 mg/mL in PBS (pH 8.0). Samples were incubated with
labeling reagent and washed per manufacturer’s instructions. Samples were diluted 1:50 in
blocking buffer and incubated on pre-blocked arrays overnight at 4°C. Membranes were
then incubated in streptavadin-conjugated peroxidase for 2 hours and exposed to a
peroxidase substrate for 5 min prior to developing on X-ray film. Densiometric analysis was
performed on a Kodak ImageStation 4000M (Eastman Kodak Company, Rochester, NY)
with background subtraction from spot edges. Spot data were normalized to a positive
control spot on each array.

Statistics
Statistical analysis was performed with a non-parametric Mann–Whitney U-test. Differences
were considered statistically significant at p < 0.05. All statistical tests were performed using
SPSS Statistical Software, Release 16 (Chicago, IL).
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RESULTS
To investigate the temporal and tissue specific effects of sumatriptan/naproxen treatment,
trigeminal ganglia and spinal trigeminal nucleus tissues obtained from male rats were
homogenized and the expression of 90 cytokines and signaling proteins analyzed using
RayBio® Label-Based Rat Antibody Arrays. The average fold change ± SEM from control,
whose mean was made equal to one, for all proteins under each experimental condition and
time point is reported in Excel formatted tables (Supplementary Materials). Only proteins
whose mean was >3 fold above control levels and were significantly different from control
(p < 0.05) were included in the figures. As seen in Figure 1A, capsaicin injections in the V1
region stimulated a >3-fold increase in expression of 57 proteins in the trigeminal ganglion
at 2 hours. While 20 proteins were stimulated between 3.0–9.9 fold, 23 proteins were
increased 10–24.9 fold and an additional 14 proteins more than 25 fold when compared to
control levels. Importantly, treatment with sumatriptan/naproxen almost completely
abolished the stimulatory effects of capsaicin at 2 hours by reducing both the number of
stimulated proteins as well as the relative amount of stimulation (3–9.9 fold range).
Treatment with naproxen or sumatriptan alone was not as effective in repressing capsaicin
mediated increases in protein expression when compared to animals that received both
drugs. In response to naproxen, the levels of 14 proteins were still elevated >3 fold above
control while only 11 proteins were still increased following sumatriptan treatment.
Interestingly, only 5 capsaicin stimulated proteins in the trigeminal ganglia were similarly
repressed by treatment with naproxen or sumatriptan alone at the 2 hour time point (Table
1). In contrast, twenty-five proteins were differentially regulated by naproxen or sumatriptan
at 2 hours post capsaicin injection (Table 2). The effects of sumatriptan/naproxen or either
drug alone on protein expression in trigeminal ganglia 24 hours after capsaicin stimulation
of V1 trigeminal neurons is shown in Figure 1B. The levels of an even greater number of
proteins were increased >3 fold above control levels 24 hours after capsaicin treatment when
compared to 2 hours post injection. While the levels of 26 proteins were elevated 3.0–9.9
fold, 34 proteins were increased 10.0–24.9 fold, and 15 were stimulated greater than 25.0
fold. Similar to the 2 hour time point, sumatriptan/naproxen treatment greatly repressed the
stimulatory effects of capsaicin on cytokine expression with only 2 proteins having levels >3
fold than control. Treatment with only naproxen or sumatriptan was also very effective in
suppressing capsaicin stimulation at 24 hours with levels of only 2 proteins elevated in
response to naproxen and 3 elevated following treatment with sumatriptan. While the level
of only one protein was repressed in response to treatment with naproxen or sumatriptan at
the 24 hour time point after capsaicin stimulation (Table 1), five proteins were differentially
regulated by each treatment alone (Table 2). Taken together, these data provide evidence
that sumatriptan/naproxen treatment is more effective at repressing capsaicin stimulated
cytokine and signaling protein expression at 2 hours than either drug alone, and that
naproxen and sumatriptan regulate the expression of different proteins in trigeminal ganglia.

To determine changes in spinal cord tissue that contain centrally projecting fibers from
trigeminal ganglia neurons, the same set of proteins was analyzed in tissues containing the
spinal trigeminal nucleus. In contrast to the effect of capsaicin in trigeminal ganglia,
capsaicin injections in the V1 region stimulated a >3 fold increase in expression of only 5
proteins in the spinal trigeminal nucleus at 2 hours (Figure 2A). However, each of the
treatments was equally effective in repressing the stimulatory effects of capsaicin since none
of the protein levels were significantly different than untreated control levels. At 24 hours,
capsaicin stimulated >3 fold the expression of 53 different proteins in the spinal trigeminal
nucleus (Figure 2B). While 6 proteins had levels elevated 3–9.9 fold above control, 31
proteins were increased 10–24.9 fold and another 16 proteins were stimulated >25 fold.
Treatment with sumatriptan/naproxen greatly repressed the number and level of protein
expression 24 hours after capsaicin injection with levels all in the range of 3–9.9 fold greater
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than control. Similarly, naproxen and sumatriptan treatment alone were effective in
suppressing capsaicin mediated increases in cytokine and signaling protein levels. As seen in
trigeminal ganglia tissue, naproxen and sumatriptan differentially regulate the expression of
proteins in the spinal trigeminal nucleus at both the 2 and 24 time points (Table 3). In
summary, capsaicin mediated changes in the number and level of cytokine and signaling
protein expression in spinal trigeminal nuclei were greater at 24 hours than at 2 hours, and
the stimulatory effects were greatly diminished by treatment with sumatriptan/naproxen or
either drug alone.

DISCUSSION
In our study, we found that injection of the noxious agent capsaicin in the eye brow region,
which stimulates ophthalmic or V1 trigeminal neurons, resulted in a large increase in the
number of cytokines and signaling proteins expressed in trigeminal ganglia 2 and 24 hours
post injection. Capsaicin is known to cause activation of nociceptors, in particular
unmyelinated C fibers and A-delta fibers, which are responsible for conducting pain signals
from peripheral tissues to second order neurons in the spinal cord. We chose to excite V1
trigeminal neurons since activation of these neurons is implicated in the underlying
pathology of migraine.2, 3, 25 In response to inflammatory or noxious stimuli, trigeminal
neurons release the neuropeptide calcitonin gene-related peptide (CGRP), the
neurotransmitter glutamate, and other pro-inflammatory and pro-nociceptive molecules that
promote peripheral and central sensitization. Based on results from other studies, the marked
increase in expression of cytokines and signaling proteins in trigeminal ganglia at 2 and 24
hours is likely the result of release of CGRP and other molecules from the cell body of
trigeminal neurons, which leads to activation of satellite glial cells and subsequent release of
cytokines and nitric oxide.26, 27 A somewhat surprising finding from our study was that
significantly elevated protein levels were still observed 24 hours after a single capsaicin
injection. While elevated levels of pro-inflammatory cytokines, such as IL-1β may play an
important role in maintaining an inflammatory state since IL-1β has been shown to stimulate
the release of CGRP from trigeminal neurons28, increased expression of IL-10 and IL-4 may
function as anti-inflammatory proteins to modulate the response to capsaicin. Taken
together, these results support the notion that activation of trigeminal neurons by a noxious
stimulus leads to the establishment of an inflammatory loop that sustains sensitization of
primary nociceptors at the level of the ganglion by facilitating increased neuron-glia
communication via paracrine signaling.

We also found that capsaicin stimulation of V1 trigeminal neurons led to a significant
increase in cytokine and signaling protein expression within spinal trigeminal nuclei of male
rats. While the levels of only a few proteins were elevated at the 2 hour time point, more
than 50 proteins were significantly elevated 24 hours post injection with the majority being
elevated >10 fold. Capsaicin binding to TRPV1 receptors on peripheral trigeminal sensory
neurons results in the release of CGRP, glutamate, and other molecules from terminals of
primary nociceptors within the spinal trigeminal nucleus leading to excitation of second
order neurons and spinal trigeminal glia.29, 30 Excitation of the spinal glial cells, astrocytes
and microglia, promote increased synthesis and the release of cytokines within the spinal
cord.31–33 Based on numerous studies, cytokines are now known to play an important role in
the initiation as well as maintenance of central sensitization by influencing the expression of
inflammatory genes both in neurons and spinal glia.5, 34, 35 Importantly, elevated levels of
pro-inflammatory cytokines within the spinal cord are reported to positively correlate with
pain sensitivity.36 Cytokines function to modulate the excitability state of both neurons and
glia by activation of signaling pathways that regulate the activity and expression of ion
channels and membrane receptors. Although the levels of only a few cytokines and signaling
proteins were elevated at 2 hours in response to capsaicin, the greater number associated
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with the 24 hour time point correlates with maintenance of central sensitization in response
to noxious stimulation of trigeminal neurons, a phenomenon characteristic of migraine. In
summary, capsaicin stimulation of trigeminal neurons leads to elevated levels of cytokines
and signaling proteins both in trigeminal ganglia and spinal trigeminal nuclei that are
implicated in peripheral and central sensitization, which are physiological processes that
contribute to migraine pathology.

In agreement with findings from human clinical trials, we found that treatment with the
combination of sumatriptan and naproxen was very effective at suppressing cytokine and
signaling proteins levels in trigeminal ganglia at 2 and 24 hours following noxious
stimulation of trigeminal neurons by capsaicin. We found that the combination therapy
appeared to be somewhat superior to treatment with only naproxen or sumatriptan at 2 hours
but the level of inhibition was comparable in response to each treatment at 24 hours.
Similarly, while sumatriptan treatment at the 2 hour time point repressed a greater number of
proteins when compared to only naproxen treatment, both drugs were equally effective at 24
hours. Within the spinal trigeminal nucleus, each of the treatments suppressed the capsaicin
mediated increases in the levels of 5 proteins at 2 hours. However, while the combination of
sumatriptan/naproxen greatly reduced the number and level of proteins at 24 hours,
expression of a slightly larger number of cytokines and signaling proteins was repressed in
response to treatment with only naproxen or sumatriptan. Based on clinical observations on
the temporal response to these drugs on migraine, sumatriptan/naproxen is proposed to
function primarily at the level of the ganglia to abort a migraine attack.37, 38 Our findings
support such a notion. In this way, sumatriptan and naproxen repression of cytokines and
signaling protein levels within the ganglia, as seen in our study, would suppress the
development of peripheral sensitization of primary nociceptors, and hence limit the later
development of central sensitization.

An important finding from our study was that sumatriptan and naproxen differentially
regulate expression of cytokines and signaling proteins within trigeminal ganglia and spinal
trigeminal nucleus in response to noxious activation of trigeminal neurons. Based on
preclinical studies, sumatriptan and naproxen were proposed to target different
pathophysiological events of migraine.24 For example, sumatriptan is thought to function at
the level of the trigeminal ganglion and nerve fibers to block release of CGRP, glutamate,
and other pro-inflammatory mediators in peripheral tissues and in the spinal trigeminal
nucleus.39 In effect, inhibition of trigeminal nerves would block paracrine signaling in the
ganglia and spinal cord and the subsequent activation of glial cells and hence, release of
cytokines that would promote peripheral and central sensitization. On the other hand,
naproxen is proposed to function as a migraine therapy by inhibiting the synthesis and
release of prostaglandins from mast cells.40, 41 However, a somewhat surprising finding
from our study was the large number of capsaicin stimulated cytokines and signaling
proteins in trigeminal ganglia and spinal trigeminal nucleus that were negatively regulated
by naproxen. Interestingly, there is emerging evidence of a co-regulatory loop in which
prostaglandins can increase the synthesis of cytokines, and cytokines can also upregulate
prostaglandin expression.42–44 Thus, it appears that naproxen functions to inhibit
inflammatory events associated with peripheral and central sensitization by repressing the
expression of specific prostaglandins and cytokines.

As characteristic of migraine, protective pathological pain is proposed to result from the
increased sensitivity of nociceptive primary afferent neurons (peripheral sensitization) and
hyperexcitability and spontaneous firing of nociceptive neurons in the spinal trigeminal
nucleus (central sensitization). Results from our study provide evidence that the reported
benefit of co-treatment with sumatriptan and naproxen therapy is due in part to the ability of
these drugs to significantly repress cytokine and signaling protein expression in trigeminal
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ganglia and spinal trigeminal nucleus, which would inhibit peripheral and central
sensitization. Furthermore, our findings support the use of a combination of sumatriptan and
naproxen to treat migraine patients that respond sub-optimally to monotherapy, since
sumatriptan and naproxen were shown to spatially and temporally regulate the expression of
different proteins in trigeminal ganglia and spinal cord. In addition, our finding that
sumatriptan/naproxen repressed protein expression in spinal trigeminal nucleus may help to
explain the reported benefit of combination therapy to suppress migraine recurrence 22 and
treat patients with menstrual related migraine.45–47 In summary, results from our study
provide a plausible explanation of the reported added benefits of combining sumatriptan
with naproxen to treat migraine since these drugs repress different cytokines and signaling
proteins in trigeminal ganglia and spinal trigeminal nuclei.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations

CGRP calcitonin gene-related peptide

COX cyclooxygenase

NSAID non-steroidal anti-inflammatory drugs

STN spinal trigeminal nucleus

TG trigeminal ganglion
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Figure 1.
Sumatriptan/naproxen combination treatment suppresses capsaicin stimulated changes in the
number and level of cytokine expression in trigeminal ganglia tissues at 2 (A) and 24 hours
(B). Trigeminal ganglia were obtained from animals treated with capsaicin (CAP) alone, or
cotreated with capsaicin and naproxen (N), sumatriptan (S), or the combination of both
drugs (S/N). The height of each box corresponds to the number of proteins significantly (p <
0.05) elevated above untreated control levels, whose mean was made equal to one. The
average fold change above control levels is illustrated by different colors. n = 3 independent
experiments for each condition.
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Figure 2.
Sumatriptan/naproxen combination treatment suppresses capsaicin stimulated changes in the
number and level of cytokine expression in spinal trigeminal nuclei at 2 (A) and 24 hours
(B). Sections of the upper spinal cord containing the spinomedulary junction were obtained
from animals treated with capsaicin (CAP) alone, or cotreated with capsaicin and naproxen
(N), sumatriptan (S), or the combination of both drugs (S/N). The height of each box
corresponds to the number of proteins significantly (p < 0.05) elevated above untreated
control levels, whose mean was made equal to one. The average fold change above control
levels is illustrated by different colors. n = 3 independent experiments for each condition.
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Table 1

Capsaicin stimulated proteins similarly repressed by treatment with either naproxen sodium or sumatriptan in
trigeminal ganglia.

2 Hr 24 Hr

GM-CSF
IFN-γ
CSK

CINC-2β
MDC

B7-1
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Table 2

Capsaicin stimulated proteins differentially regulated by treatment with either naproxen sodium or sumatriptan
in trigeminal ganglia.

2 Hr 24 Hr

N + CAP S + CAP N + CAP S + CAP

β-NGF
B7-1

CNTF Rα
ICK

IL-1α
Osteopontin

TIMP-1
TIMP-3
TNFα

TRAIL
Ubiquitin

FADD
Fas

Fractalkine
GHR

ICAM-1
IL-13
IL-5
IL-6

Leptin
MCP-1
RELMb
Resistin
TAL1A
TGFβ2

Osteopontin Hepassocin
IL-5

Prolactin R
TGFβ3
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Table 3

Capsaicin stimulated proteins differentially regulated by treatment with either naproxen sodium or sumatriptan
in spinal trigeminal nucleus.

2 Hr 24 Hr

N + CAP S + CAP N + CAP S + CAP

CINC-2β
IL-3

IFN-γ CINC-2β
Fas Ligand

B7-1
CD106
GFRa1
GFRa2
IL-10
IL-1r

Leptin
MCP-1

Osteopontin
TGFβ1
TGFβ3

Thrombospondin
TNFα
RALT

Ubiquitin
VEGF
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