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Nuclear factor-κB (NF-κB) is a central regulator of 
immune response and a potential target for developing 
anti-inflammatory agents. Mechanistic studies suggest 
that compounds that directly inhibit NF-κB DNA bind-
ing may block inflammation and the associated tissue 
damage. Thus, we attempted to discover peptides that 
could interfere with NF-κB signaling based on a highly 
conserved DNA-binding domain found in all NF-κB 
members. One such small peptide, designated as anti-
inflammatory peptide-6 (AIP6), was characterized in the 
current study. AIP6 directly interacted with p65 and dis-
played an intrinsic cell-penetrating property. This pep-
tide demonstrated significant anti-inflammatory effects 
in vitro and in vivo. In vitro, AIP6 inhibited the DNA-bind-
ing and transcriptional activities of the p65 NF-κB sub-
unit as well as the production of inflammatory mediators 
in macrophages upon stimulation. Local administration 
of AIP6 significantly inhibited inflammation induced by 
zymosan in mice. Collectively, our results suggest that 
AIP6 is a promising lead peptide for the development of 
specific NF-κB inhibitors as potential anti-inflammatory 
agents.
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IntroductIon
Nuclear factor-κB (NF-κB) represents a group of five structur-
ally related and evolutionarily conserved mammalian proteins, 
namely RelA (p65), RelB, c-Rel, p50 (and its precursor p105), 
and p52 (and its precursor p100).1 Most members of this family 
can homodimerize as well as heterodimerize with one another. 
The most prevalent form of NF-κB is a heterodimer consisting 
of the p50 and p65 subunits. As a ubiquitous transcription factor, 
NF-κB plays a key role in regulating the transcription of many 
genes related to inflammation, such as cytokines, chemokines, 
and inflammatory enzymes.2–4 A number of proteins regulated 
by NF-κB also induce the activation of NF-κB, thereby forming 

a positive regulatory loop that amplifies inflammatory responses. 
Abnormal activation of NF-κB has been implicated in the patho-
genesis of many inflammatory diseases, such as rheumatoid 
arthritis, asthma, sepsis, viral infections, and inflammatory bowel 
diseases, and its role has been confirmed in experimental models 
involving both acute and chronic inflammation.5–9 Suppression of 
NF-κB is likely to be effective for the treatment of inflammatory 
diseases.

NF-κB is one of the points involved in cross-talk between 
multiple signal transduction pathways. Activated NF-κB leads 
to transcriptional upregulation of multiple genes. In unstimu-
lated cells, NF-κB is located in the cytoplasm in an inactive form 
and is bound to inhibitor proteins, namely IκBs, including IκBα, 
IκBβ, and IκBε. A variety of molecules, including proinflam-
matory cytokines such as tumor necrosis factor-α (TNF-α) and 
interleukin-1β (IL-1β) and bacterial products such as lipopoly-
saccharides, and viral infection induce phosphorylation of IκB at 
specific NH2-terminal serine residues. Phosphorylated IκB is then 
ubiquitinated and degraded by the proteasome; thus, the bound 
NF-κB is released. NF-κB then translocates to the nucleus, binds to 
κB elements with a consensus sequence of 5′-GGGRNYYYCC-3′, 
and induces the expression of target genes.2,10 The recognition and 
binding of NF-κB to κB elements is a key step in the process of 
NF-κB activation. The p50 subunit of the p50-p65 heterodimer 
mainly interacts with the κB elements.11,12 The RXXRXRXXC 
motif in p50, conserved in all Rel/NF-κB proteins, is essential in 
DNA recognition and binding.13

Most NF-κB inhibitors developed to date inhibit either NF-κB 
protein activation or IκB phosphorylation and degradation, thus 
preventing the release of free NF-κB and its entry into the nucleus. 
Another approach that directly inhibits NF-κB DNA binding, by 
interfering with the DNA binding of NF-κB to the promoter of 
targeted genes, also appears amenable to designing specific inhibi-
tors. However, a limited number of agents have been developed 
based on this approach.14 We reasoned that short peptides resem-
bling the DNA-binding motif RXXRXRXXC in p50 might selec-
tively bind with κB elements and prevent the binding of active 
NF-κB complexes. With this in mind, we designed and synthesized 
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a series of peptides. Intriguingly, one of these peptides, designated 
anti-inflammatory peptide-6 (AIP6), inhibited NF-κB transcrip-
tional activity but did not bind with the κB motif.

In the current study, we show that the peptide AIP6 interacts 
directly with p65 to inhibit the DNA-binding and transcriptional 
activities of NF-κB and the production of inflammatory mediators 
in vitro. Interestingly, AIP6 possesses an intrinsic cell-penetrat-
ing property. Local administration of AIP6 inhibited inflamma-
tory responses induced by zymosan in the joints and soft tissues 
in mice. Taken together, our findings suggest that AIP6 can be 
used as a lead peptide to develop anti-inflammatory agents for the 
treatment of diseases caused by abnormal activation of NF-κB.

results
AIP6 binds to and inhibits the dnA-binding  
activity of the nF-κB p65 subunit
We discovered that AIP6 is a potential inhibitor of NF-κB signal-
ing by using a bioinformatic approach based on the conserved 
RXXRXRXXC motif that is required for DNA recognition and 
binding of NF-κB family members.13 We first determined whether 
AIP6 could block the binding of NF-κB and κB elements in vitro by 
using an assay based on the enzyme-linked immunosorbent assay 
(ELISA). AIP6 or negative control peptide (NCP) at various con-
centrations was preincubated with Jurkat nuclear extract [phorbol, 
12-myristate, 13 acetate (TPA) + calcium ionophore-stimulated] 

for 30 minutes before being added to microtiter plates coated with 
κB site oligonucleotides. AIP6 at ≥25 μmol/l was found to inhibit 
the DNA-binding activity of NF-κB in a dose-dependent man-
ner but NCP did not (Figure 1a). Interestingly, when AIP6, even 
at 400 μmol/l, was preincubated in microtiter plates coated with 
κB oligonucleotides before the addition of Jurkat nuclear extract 
(TPA + calcium ionophore-stimulated), no inhibition of the DNA-
binding activity of NF-κB was found (Supplementary Figure S1).

This suggested that AIP6 binds to one or more NF-κB sub-
units rather than to the κB site. We first used surface plasmon 
resonance spectroscopy to measure the binding of AIP6 with 
recombinant p65 or p50. AIP6 bound to p65 (Figure 1b) but not 
to p50 (Supplementary Figure S2). Gel shift assay showed that 
AIP6 interfered with the binding activity of NF-κB subunit p65 
to the κB sites in a dose-dependent manner (Figure 1c) but did 
not affect that of the p50 subunit (Supplementary Figure S2). 
Next, we performed supershift assays to analyze the effects of 
AIP6 on DNA binding of p50/p65 heterodimers, which make up 
the predominant NF-κB complex. AIP6 inhibited the interac-
tions between the p50/p65 heterodimers and DNA (Figure 1d). 
As expected, an excess of cold probe completely blocked this 
interaction (Figure 1d). These results suggested that AIP6 does 
not bind to the κB element but disrupts the binding between 
NF-κB and the κB element through direct interaction with p65, 
not with p50.
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Figure 1 effects of AIP6 on the dnA-binding activity of nF-κB p65. (a) The effect of AIP6 on the DNA-binding activity of NF-κB was measured 
by ELISA. AIP6s were preincubated with 2.5 μg Jurkat nuclear extracts for 30 minutes. The mixture was then added to each well to detect the DNA-
binding activity of NF-κB. The inhibition ratio (%) of various concentrations of peptides was calculated and plotted by ELISA analysis. (b) Interaction 
analysis of AIP6 with the p65 NF-κB subunit by using surface plasmon resonance measurements. Recombinant NF-κB p65 was used in EMSA and 
surface plasmon resonance measurement. (c) The effect of AIP6 on the DNA-binding activity of p65 measured by EMSA. (d) Effect of AIP6 on the 
DNA-binding activity of the NF-κB p50/p65 heterodimer was analyzed by supershift assay by using Jurkat nuclear extracts with p65 or p50 antibody.  
Results are expressed as mean ± SEM (n = 3). *P < 0.05 versus inhibition ratio of NCP. AIP6, anti-inflammatory peptide-6; ELISA, enzyme-linked immu-
nosorbent assay; EMSA, electrophoretic mobility shift assays; NCP, negative control peptide; NF-κB, nuclear factor-κB.
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AIP6 effectively transduces cells in vitro and in vivo
To study the effects of AIP6 on cells, we first used a cell-perme-
able peptide transactivator of transcription (TAT) derived from 
the HIV to synthesize a TAT-AIP6 fusion peptide. AIP6 and 
TAT-AIP6 were labeled with fluorescein isothiocyanate (FITC) 
and analyzed for uptake in RAW 264.7 macrophages. Confocal 
microscopy detected strong fluorescence in the cytoplasm and 
nucleus of almost all RAW 264.7 cells 60 minutes after incuba-
tion with FITC-labeled peptides (Figure 2a). The cellular uptake 
was similar between the AIP6 and TAT-AIP6 groups. To exclude 
the possibility that transduction was due to phagocytosis in mac-
rophages, similar experiments were conducted in LoVo cells 
derived from human colorectal cancer line. Confocal microscopy 
showed that TAT-AIP6, AIP6, and TAT, but not NCP, effectively 
entered the LoVo cells (Figure 2b). These results indicated that 
AIP6 has an intrinsic cell-penetrating property similar to that of 
TAT. We therefore continued to use AIP6 in our study.

To examine the uptake of AIP6 in vivo, we used a mouse 
model with zymosan-induced local inflammation. FITC-labeled 
AIP6 (6 μg/paw, in 50 µl) or phosphate-buffered saline (PBS) was 
injected into the hind paws of mice that had been challenged with 
zymosan before 24 hours. Frozen tissue sections were evaluated 
by confocal microscopy. FITC-labeled AIP6 efficiently entered the 
cells 1 hour or 4 hours after injection. No fluorescence signal was 
detected in samples obtained from PBS-treated mice. Therefore, 
AIP6 efficiently transduces cells in vitro and in vivo (Figure 2c).

AIP6 inhibits nF-κB activation and production  
of proinflammmatory mediators
Knowing that AIP6 transduces cells and interferes with the DNA-
binding activity of NF-κB, we determined the potential anti-

inflammatory activity of AIP6 in zymosan-activated macrophages. 
The levels of two representative proinflammatory mediators, 
TNF-α and prostaglandin E2 (PGE2), in the medium of RAW 
264.7 cells were measured by ELISA. Zymosan treatment signifi-
cantly increased the levels of TNF-α and PGE2. Pretreatment with 
AIP6, but not NCP, decreased the production of TNF-α and PGE2 
in a dose-dependent manner (Figure 3a).

Zymosan-induced production of cytokines is the result of a sig-
naling cascade that culminates in the activation, nuclear transloca-
tion, and transcriptional activation of NF-κB.15 Therefore, we next 
investigated whether AIP6 interferes with the NF-κB activation 
cascade. In untreated cells, p65 was mainly found in the cytoplasm. 
Zymosan (0.1 mg/ml) treatment for 1 hour induced nuclear trans-
location of NF-κB. Pretreatment of cells with AIP6s did not signifi-
cantly affect zymosan-induced nuclear import of NF-κB p65 in the 
cells (Figure 3b). Nonetheless, AIP6 inhibited the DNA-binding 
activity of NF-κB in stimulated RAW 264.7 nuclear extract in a 
dose-dependent manner. NCP had no effect on the DNA-binding 
ability of NF-κB at all concentrations tested (Figure 3c).

Experiments with transfected NF-κB luciferase reporter also 
indicated that zymosan-stimulated NF-κB transcriptional activ-
ity diminished upon treatment with AIP6 (Figure 3d). NCP at 
150 μmol/l did not exert any inhibitory effect on NF-κB tran-
scriptional activation. Furthermore, AIP6 did not affect activator 
protein (AP)-1- or signal transducer and activator of transcrip-
tion-1/3-mediated transcription (Supplementary Figures S3a,b). 
AIP6 also effectively inhibited NF-κB transcriptional activation 
induced by TPA, a strong activator of NF-κB, through the protein 
kinase C pathway16 (Supplementary Figure S3c).

Pretreatment with AIP6 did not affect zymosan-induced deg-
radation of IκB proteins or phosphorylation of IκBα in RAW 

b c
FITC-TAT FITC TI Merge

F
IT

C
D

A
P

I
M

er
ge

F
IT

C
D

A
P

I
T

I
M

er
ge

N
C

P
F

IT
C

-A
IP

6
F

IT
C

-T
A

T
-A

IP
6

F
IT

C
-T

A
T

FITC-TAT-AIP6 FITC-AIP6
FITC-AIP6

1 hour 4 hours Control

a

Figure 2 cellular uptake of AIP6 with or without tAt sequence. (a) Cellular uptake of TAT-AIP6 and AIP6 in RAW 264.7 macrophages. Cells 
were treated with FITC-labeled TAT, FITC-labeled AIP6, or FITC-labeled TAT-AIP6 (green) for 60 minutes with nuclei counterstained with DAPI (blue). 
Representative confocal images with FITC, DAPI, phase contrast, and merged FITC/DAPI channels. Bar = 20 μm. (b) Transduction of AIP6 into colon 
cancer cells. The cells were treated and analyzed similarly as a. Bar = 20 μm. (c) Cellular uptake of AIP6 in mice. After 1-hour and 4-hour injection 
intervals of AIP6 or PBS (control), soft tissues were removed from the paws of zymosan-treated mice. Frozen sections were analyzed by confocal 
microscopy with nuclei counterstained with DAPI. Bar = 20 μm. AIP6, anti-inflammatory peptide-6; CPP, cell-permeable peptide; DAPI, 4′,6-diamidino-
2- phenylindole; FITC, fluorescein isothiocyanate; PBS, phosphate-buffered saline; TAT, transactivator of transcription; TI, transmission image.
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duction of inflammatory mediators. RAW 264.7 cells were treated with AIP6 at indicated concentration or NCP (150 μmol/l) and stimulated with 
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mean ± SEM (n = 3), *P < 0.05 zymosan versus untreated; #P < 0.05 zymosan + AIP6 versus zymosan. (b) Effects of AIP6 on nuclear translocation 
of p65. Representative confocal images of p65 (green) localization with nuclei counterstained with DAPI (blue) in control (untreated) RAW 264.7 
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264.7 cells (Figure 3e). AIP6 and NCP at 150 μmol/l did not sig-
nificantly affect cell proliferation or apoptosis, as measured by the 
water-soluble tetrazolium assay (Figure 4a) or by flow cytometry 

(Figure 4b). Together, these findings indicated that AIP6 selec-
tively inhibits NF-κB–mediated transcription and has low non-
specific cytotoxicity at effective concentrations.
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AIP6 suppresses zymosan-induced  
inflammation in mice
Based on the above anti-inflammatory activities of AIP6 in vitro, 
we decided to analyze its efficacy in an experimental inflamma-
tion model in mice.12 Zymosan injection in the feet of mice led to 
a time-dependent swelling of the joints and paws, which peaked at 
24 hours. Swelling started to decrease and remained above control 
levels until 7 days (Figure 5a). From day 1 to day 7, inhibition of 
swelling by AIP6 (6 μg/paw) was better than or comparable to that 
induced by dexamethasone (5 μg/paw). AIP6 injection signifi-
cantly inhibited the formation of swelling at different time points, 
including the swelling peak at 24 hours, in a dose-dependent man-
ner. The optimal inhibitory effect of dexamethasone was observed 
3 days after zymosan injection. NCP did not show any effect at 
any time point. We also histologically assessed inflammation in 
the joints and paws. Zymosan induced significant mononuclear 
cell infiltration, thickening of the synovial membrane, and severe 
inflammation of soft tissues, all of which was suppressed by AIP6 
(6 μg/paw) (Figure 5b). Lower levels of inflammatory cell infiltra-
tion were found in the joints of mice treated with AIP6 compared 
with other groups (Figure 5c).

The reduced inflammatory response in mice treated with 
AIP6 was associated with suppressed NF-κB p65 activation. 
Using nuclear extracts prepared from mice in various treatment 
groups at day 7, we measured the DNA-binding activity of NF-κB 
p65 with an ELISA-based assay. Zymosan caused nearly four-
fold increase in DNA binding, which was suppressed by AIP6, 
but not NCP (Figure 5d). As expected, AIP6 injection strongly 
inhibited zymosan-induced expression of NF-κB target genes and 
inflammatory mediators, including TNF-α, IL-1β, IL-6, inducible 
nitric oxide synthase, cyclooxygenase-2, PGE2, and nitric oxide 
(Figure 5e,f).

dIscussIon
NF-κB regulates the transcription of many genes involved in 
immune response and is considered a potential therapeutic tar-
get in inflammatory diseases. In this study, we have discovered 
and characterized a pentapeptide AIP6 (RLRWR) that prevents 
the binding of NF-κB with κB elements through specific interac-
tion with p65. AIP6 suppressed zymosan- or TPA-induced NF-κB 
activation and the production of inflammatory mediators in 
macrophages. The inhibitory effects of AIP6 on NF-κB appeared 
specific and did not involve IκB degradation, IκBα phosphoryla-
tion, or p65 nuclear import. Using a zymosan-induced inflamma-
tion model, we showed that local AIP6 injection impaired acute 
inflammation responses through inhibition of NF-κB activation 
and production of proinflammatory mediators. Importantly, AIP6 
displays an intrinsic and strong cell-penetrating property in vitro 
and in vivo.

A variety of agents exhibit various degrees of effectiveness in 
suppressing NF-κB signaling. However, few of these compounds 
are specific, and some side effects have been reported. For exam-
ple, glucocorticoids, which are considered as the most powerful 
nonspecific inhibitors of NF-κB, resulted in reduced bone for-
mation and suppression of hypothalamic–pituitary–adrenal axis 
function.18,19 Therefore, there is a clear need for anti-inflamma-
tory agents that lack steroid action and have reduced side effects. 

NF-κB activation or function can be inhibited by more specific 
means. For example, the NF-κB essential modifier (NEMO)-
binding domain peptide inhibits p65 phosphorylation, and the 
SN50 peptide inhibits NF-κB nuclear transport.20–22 Among vari-
ous strategies aimed at inhibiting NF-κB activation, blocking the 
binding of the p65 or p50 subunit with the κB site may be more 
specific23,24 because a higher degree of specificity may be achieved 
by the inhibition of NF-κB–mediated transcription. In this study, 
we designed a peptide based on a sequence required for DNA bind-
ing, which is conserved in NF-κB family members. Unexpectedly, 
this peptide selectively interacted with the p65 NF-κB subunit 
but not the κB motif, and it functioned as a selective inhibitor 
of NF-κB–mediated transcription. AIP6 did not appear to affect 
the phosphorylation or degradation of IκB proteins or the nuclear 
import of p65. The molecular mechanism of AIP6-mediated inhi-
bition of the DNA-binding activity of p65 is not fully understood; 
AIP6 may induce conformational changes in the protein25 or pre-
vent the formation of the transcriptionally competent p65/p50 
complex. The results of our ELISA-based transfactor assays make 
us speculate AIP6 is a competitive inhibitor against NF-κB tran-
scription activity that will require a relatively higher quantity to 
be effective. Thus, to keep anti-inflammatory action of AIP6, AIP6 
has to be delivered frequently to maintain its in vivo concentra-
tion. The exact mechanism may be determined through additional 
molecular and structural studies. Nevertheless, this property may 
help avoid undesirable effects by reducing interference with the 
basal activity of NF-κB, which may be essential for the survival of 
several cell types.20

Inhibitors of transcription factors can only exert biological 
inhibitory effects after their efficient uptake into cells. Transduction 
mediated by cell-penetrating peptides (CPPs) can deliver bioactive 
reagents directly into living cells. Commonly used CPPs include 
the HIV-1 TAT protein, penetratin, and polyarginine.26 Our data 
showed that AIP6 itself possesses an intrinsic cell-penetrating 
property independent of phagocytosis. This unique property may 
be attributed to the presence of several positively charged arginine 
residues and the low molecular weight and moderate hydropho-
bicity of AIP6.27,28 Other preferred mechanisms for CPP-mediated 
transduction have been proposed, including energy-independent 
membrane translocation, endocytosis, and specific receptors.29 In 
addition, the toxicity and unsuspected side effects of several CPPs 
have been reported in recent years.30–33 A similar study reported 
that 16-AA, a CPP, was found to suppress inflammatory response 
in vitro and in vivo by inhibiting the activation of NF-κB.34 The 
fact that AIP6 is cell penetrating and contains only 5-AA residues 
with no obvious toxicity makes it an attractive lead structure for 
future drug development. It might also be a practical short CPP. 
Of course, we cannot deny the potential toxicity of AIP6 that we 
did not test in this study, and we therefore need more work to 
assess the safety of AIP6 before it can be developed to a therapeu-
tic agent.

AIP6 suppressed zymosan-induced inflammation that is 
associated with reduced levels of inflammatory mediators and 
well-known NF-κB targets, including TNF-α, IL-1 β, IL-6, induc-
ible nitric oxide synthase, and cyclooxygenase-2.4,35,36 Local treat-
ment with AIP6 inhibited NF-κB activation in this model, which 
suggested that AIP6 blocks excessive NF-κB activation and 
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highlighted the importance of the inhibition of NF-κB–mediated 
transcription in overall anti-inflammatory effects. Because AIP6 
did not affect AP-1– or signal transducer and activator of tran-
scription-mediated transcription of reporters, it is ruled out as 
a general inhibitor of transcription. However, our study could 
not rule out the possibility that AIP6 interferes with other path-
ways. As discussed before, few inhibitors of NF-κB are specific. 
For example, most IκB kinase-β inhibitors can exert their func-
tion via ATP competition, and SN50 also prevents nuclear trans-
location of AP-1, nuclear factor of activated T-cells and signal 
transducer and activator of transcription-1.23,37 Gene expression 
profiling coupled with chromatin immunoprecipitation assay 
could lead to better understanding of the anti-inflammatory 
mechanisms of AIP6.

In summary, our study shows that AIP6, a cell-penetrating 
pentapeptide, inhibits the DNA-binding activity of NF-κB and 
efficiently attenuates inflammatory responses in vitro and in vivo. 
These results suggest that AIP6 is a promising lead structure for 
the development of specific NF-κB inhibitors as potential anti-
inflammatory agents.

MAterIAls And Methods
Chemicals and materials. All peptides, including FITC-labeled TAT pro-
tein of HIV, FITC-labeled AIP6, and FITC-labeled NCP, used in this study 
were synthesized by HD Biosciences Company, Shanghai, China. AIP6 and 
NCP were purified to more than 95% purity by using high pressure liquid 
chromatography. The sequences of the peptides were as follows: AIP6, Arg-
Leu-Arg-Trp-Arg (RLRWR); NCP, Leu-Arg-Trp-Arg-Lys (LRWRK); and 
TAT, Arg-Leu-Arg-Trp-Arg (YGRKKRRQRR-RLRWR). Other chemicals 
and materials are listed in Supplementary Materials and Methods.

Cell lines. RAW 264.7 macrophages and LoVo colon cancer cells were ini-
tially purchased from the American Type Culture Collection (Manassas, 
VA). RAW 264.7 macrophages and LoVo cells were cultured in Dulbecco’s 
modified Eagle’s media supplemented with 10% heat-inactivated fetal 
bovine serum, benzylpenicillin potassium (143 U/ml), and streptomycin 
sulfate (100 μg/ml) under 37 °C and 5% CO2 atmosphere.

ELISA-based NF-κB p65 transfactor assay. To determine whether AIP6 
has the ability to bind with κB elements, we designed an experiment using 
an ELISA-based Transfactor p65 kit (Active Motif, Carlsbad, CA). About 
30 µl of binding buffer (Active Motif) containing AIP6 or NCP at vari-
ous concentrations (25, 50, 100, 200, and 400 μmol/l) was added to each 
well of the corresponding microtiter plate coated with an oligonucleotide 
containing the κB site of the immunoglobulin light chain gene promoter 
(GGGACTTTCC) and incubated for 30 minutes at room temperature. 
After washing three times with binding buffer, 30 μl binding buffer and 20 μl 
complete lysis buffer (Active Motif) containing 2.5 μg Jurkat nuclear extract 
(TPA + calcium ionophore) were added to the corresponding microtiter 
plate. The following steps were performed according to the manufacturer’s 
instructions. Briefly, the plate was incubated for 1 hour at room tempera-
ture on a rocking platform. After washing, NF-κB p65 antibody (1:1,000) 
was added and incubated for 1 hour at room temperature. The wells were 
then washed, and horseradish peroxidase-conjugated antibody (1:1,000) 
was added and incubated for 1 hour at room temperature. After washing, a 
substrate solution was added to the wells and incubated at room tempera-
ture for 10 minutes, protected from light. Stop solution (2NH2SO4) was 
added, and the optical density was measured at 450 nm. Inhibition ratio 
(%) = [(optical density value of positive control group − optical density 
value of peptide-treated group)/optical density value of positive control 
group] × 100. The wells to which only Jurkat nuclear extract was added 
were set as the positive control group.

To detect the inhibitory effect of AIP6 on the binding activity of NF-κB, 
another experiment was performed. To detect the binding activity of AIP6 to 
p65, 30 μl binding buffer containing AIP6 or NCP at various concentrations 
(25, 50, 100, 200, and 400 μmol/l) was mixed with 20 μl complete lysis buffer 
containing 2.5 μg Jurkat nuclear extract and incubated for 30 minutes at 
room temperature. The mixtures were then added to the corresponding 
microtiter plate, and the plate was incubated for 1 hour at room temperature 
on a rocking platform. The steps described above were then performed.

The effect of AIP6 on the nuclear levels of NF-κB p65 in local 
inflammatory tissue was also determined using ELISA Transfactor p65 kits. 
Nuclear extracts were collected using the reagents supplied in the Nuclear 
Extract Kit (Active Motif). Proteins were quantified using the bicinchoninic 
acid assay and subjected to ELISA-based NF-κB p65 transfactor assay. All the 
procedures were performed according to the manufacturer’s instructions.

Electrophoretic mobility shift assay. To identify the inhibitory effect of 
AIP6 on the binding activity of the p65 or p50 subunit, NF-κB probe 
(5′-AGTTGAGGGGACTTTCCCAGGC-3′) was phosphorylated with 
T4 polynucleotide kinase in the presence of [γ-32P] ATP and was puri-
fied. Recombinant p65 protein (20 ng) and recombinant p50 protein were 
used for electrophoretic mobility shift assay. Reaction mixtures containing 
binding buffer (15 mmol/l Tris-HCl (pH 7.5), 75 mmol/l NaCl, 1.5 mmol/l 
EDTA, 1.5 mmol/l dithiothreitol, 7.52% glycerol, and 0.3% Nonidet P-40), 
1 µg of poly (dI-dC)-(dI-dC), and either recombinant p65 protein or 
recombinant p50 protein were kept on ice for 10 minutes. AIP6 (25, 50, 
100, and 200 µmol/l) or NCP (25, 50, 100, and 200 µmol/l) was added to the 
mixtures and incubated at room temperature. After 30 minutes, 1 µmol/l 
32P-labeled NF-κB probe was added to the mixtures and further incubated 
at room temperature for 30 minutes. For the supershift assays, 2.5 µl anti-
p65 or anti-p50 antibody was added to the reaction mixture simultane-
ously with the Jurkat nuclear extract, and AIP6 (25 and 400 µmol/l) was 
added to the mixtures. The mixture was incubated as described above. 
Subsequently, 20 µl of the mixture was loaded onto a 5% native polyacryl-
amide gel prepared in 0.5× tris-borate-EDTA and electrophoresed for 2.5 
hours. The gel was dried and then subjected to autoradiography. In another 
experiment, RAW 264.7 cells were pretreated with AIP6s (9.375, 75, 150, 
and 300 µmol/l) or NCPs (150 and 300 µmol/l) for 2 hours and stimulated 
with zymosan (0.1 mg/ml) for 1 hour. The nuclear extract was prepared 
from these cells and then subjected to electrophoretic mobility shift assay.

Surface plasmon resonance spectroscopy. To identify the specific interac-
tion between AIP6 and the p65 or p50 NF-κB subunit, surface plasmon 
resonance measurements were performed using a BIAcore 3000 instrument 
(Biacore, Piscataway, NJ). The running buffer was protein binding buffer 
[50 mmol/l Tris-HCl (pH 7.2), 0.1 mol/l NaCl, 10 mmol/l MgCl2, 10 µmol/l 
ZnCL2, 1 mmol/l dithiothreitol, 0.1% (v/v) NP40]. Data acquisition was 
then performed, and baseline data was gathered for several minutes. The 
carboxymethylated dextran surface of a CM5 sensor chip (BIAcore AB) was 
activated by injecting a coupling solution of N-hydroxysuccinimide and 
1-ethyl-3-(dimethylaminopropyl) carbodiimide hydrochloride (BIAcore 
AB). Recombinant p65 or p50 proteins were diluted to 25 µg/ml in 10 mmol/l 
acetate buffer (pH 5.0) and injected over the surface of the sensor chip for 8 
minutes at a flow rate of 5 µl/minute. The unreacted sites of the sensor chip 
surface were then quenched by injection of 40 µl of 1 M Tris-HCl (pH 8.0). 
Unimmobilized p65 and p50 were washed 3 times with 40 µl of 10 mmol/l 
HCl. AIP6 and NCP were diluted to 1 µg/ml in protein binding buffer and 
injected over the surface of the sensor chip for 5 min at a flow rate of 10 µl/
min. The unbound AIP6 and NCP were washed with protein binding buf-
fer. The resonant angle response was recorded. The chip surface was then 
regenerated by adding 10 mmol/l HCl until the response signal returned to 
baseline to proceed with another binding cycle.

Confocal fluorescence microscopy. All the samples were analyzed under 
a laser scanning confocal microscope (Zeiss LSM510, Oberkochen, 
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Germany). Cells were treated under a standard condition of 5% CO2 in 
a humidified incubator at 37 °C. To investigate the transduction of AIP6 
in vitro, RAW 264.7 cells and LoVo cells were cultured in the presence 
of FITC-labeled TAT, FITC-labeled TAT-AIP6, FITC-labeled AIP6, and 
FITC-labeled NCP at a concentration of 150 µmol/l for 60 minutes. After 
washing three times, nuclei were stained with 4′,6-diamidino-2-phenylin-
dole. These cells were then washed two times, and the transduction of AIP6 
was assayed by confocal fluorescence analysis.

Confocal fluorescence analysis was also performed to investigate the 
transduction of AIP6 in vivo. Subdermal injections of 50 µl of 150 µmol/l 
FITC-labeled AIP6 (6 µg/paw) were performed in the inflamed hindpaws 
of mice (at 24 hours after zymosan injection). Control animals received 
subdermal injections of 50 µl of PBS into inflamed hindpaws. Mice were 
anesthetized with chloral hydrate and killed 1 hour or 4 hours after the 
injection. Soft samples from hindpaws were removed immediately and 
fixed in 4% paraformaldehyde. Samples were cut on a cryostat at 20 µm, 
and DNA dye (4′,6-diamidino-2-phenylindole) was added. The sections 
were then analyzed under confocal microscopy.

Confocal laser scanning microscopy was also used to observe 
whether AIP6 affected the nuclear import of NF-κB p65. RAW 264.7 cells 
were pretreated with 15 or 150 µmol/l AIP6 for 2 hours and stimulated 
with zymosan (0.1 mg/ml) for 1 hour. These cells were then fixed in 4% 
paraformaldehyde, permeabilized in 0.5% Triton X-100, and blocked in 1% 
bovine serum albumin in PBS. For immunostaining, the cells were incubated 
with anti-NF-κB p65 antibody (1:300) for 2 hours and then stained with 
FITC-labeled secondary antibody (1:800) for 1 hour. For staining the nuclei, 
the cells were incubated with 4′,6-diamidino-2-phenylindole solution.

Luciferase reporter assays. RAW 264.7 cells were plated at a density of 0.5 × 
105 cells/well in 24-well plates and allowed to reach up to 70–80% confluence. 
The p4-κB-luciferase plasmid (1 μg) was transfected using Lipofectamine 
Plus reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s 
instructions. Thereafter, the cells were treated for 24 hours with AIP6 (0, 
9.375, 18.75, 37.5, 75, and 150 μmol/l) or NCP (150 μmol/l) and then stimu-
lated with 1 μg/ml zymosan. After 16 hours of incubation, cells were lysed and 
luciferase activity was measured using a luminometer (Promega, Fitchburg, 
WI) according to the manufacturer’s instructions. AP-1-Luc and m67-Luc 
vectors were used to detect AP-1 or STAT-dependent transcription activi-
ties. The effect of AIP6 on NF-κB transcription activities in TPA-stimulated 
macrophages are described in Supplemental Materials and Methods.

Western blot analysis. The cells were pretreated with 37.5 or 150 µmol/l 
AIP6 for 2 hours, stimulated with zymosan (0.1 mg/ml) for 15 minutes or 
45 minutes, and then lysed in a lysis buffer. Whole cell lysates were subjected 
to sodium dodecyl sulfate polyacrylamide gel electrophoresis and then 
transferred to a polyvinylidene difluoride membrane. The blots were usually 
incubated at 4 °C overnight with primary antibodies in 5% bovine serum 
albumin in 10 mmol/l tris-buffered saline Tween-20 [10 mmol/l Tris (pH 
8.0), 50 mmol/l NaCl, 0.05% (v/v) Tween-20]. The primary antibodies were 
anti-IκBα (dilution, 1:500), anti-IκBβ (1:500), anti-IκBε (1:500), anti-p-IκBα 
(1:200), and anti-glyceraldehyde-3-phosphate dehydrogenase (1:2,000). The 
blots were then incubated with a secondary antibody, namely, horseradish 
peroxidase-labeled anti-rabbit IgG antibody (1:1,000), at room temperature 
for 2–5 hours. Immune complexes on the blots were finally visualized by 
radiography after reaction with an enhanced chemiluminescence reagent 
(GE Healthcare, Little Chalfont, UK). Each blot presented is representative 
of findings in at least three similar independent experiments.

Cell proliferation and apoptosis assays. The cytotoxicity of AIP6 
and NCP was assessed by using water-soluble tetrazolium assay. 
RAW 264.7 macrophages (5 × 104/well) were incubated with vari-
ous concentrations of AIP6 or NCP for 24 hours. They were 
exposed to water-soluble tetrazolium of 2-(4-iodophenyl)-3- 
(4-nitrophenyl)-5-(2, 4-′disulfophenyl)-2H-tetrazolium for 3 hours, and 
then absorbance values were measured at 450 nm.

Apoptosis was assessed by flow cytometry. The RAW 264.7 cells 
after being incubated with 150 µmol/l of AIP6 or NCP for 24 hours were 
harvested by trypsin-EDTA followed by two washes with ice-cold PBS and 
were subsequently stained with antibody to annexin V-FITC and DNA/
RNA dye propidium iodide. Samples were analyzed by flow cytometry 
(FACScan; Becton Dickinson; Mountain View, CA) according to the 
manufacturer’s protocol. The red (610 nm, propidium iodide) and green 
(525 nm, annexin V) fluorescence emissions were separated optically by 
separate photomultipliers.

Zymosan-induced inflammation in mice. Female C57BL/6J mice (21–23 g) 
were provided by the Animal Breeding Center of Third Military Medical 
University (Chongqing, China). All the animals were maintained in plas-
tic cages at 20 ± 2 °C with free access to food and water and were kept 
on a 12-hour light/dark cycle. Experiments with animals were conducted 
in accordance with the guidelines of the National Institutes of Health and 
Third Military Medical University for laboratory animal care.

For the inflammation model, a 15 mg/ml suspension of zymosan was 
made in PBS, and the suspension was autoclaved before injection. Animals 
received subdermal injections of 75 μg zymosan (50 μl) in the left and right 
hindpaws. The volume of edema (including hindpaw and ankle joint) was 
measured before zymosan injection (time 0) and at different time points 
after stimulation using volume meter/plethysmometry (plethysmometer 
7140; Ugo Basile; Comerio, Italy). Mice were treated with subdermal 
administration of the test agents (50 μl) into the hindpaws at 8 hours, 
1 day, 3 days, and 5 days. The test agents used in this experiment were 
150 μmol/l AIP6 (6 μg/paw), 75 μmol/l AIP6 (3 μg/paw), 37.5 μmol/l AIP6 
(1.5 μg/paw), 150 μmol/l NCP (6 μg/paw), and 150 μmol/l dexamethasone 
(5 μg/paw). For the negative control group, mice were given an equal 
volume of PBS. The mice were killed by cervical dislocation immediately 
after the volume was measured (at 7 days after zymosan injection), and 
the paws and ankle joints were removed. Some soft tissues from paws 
were recovered by scalpel and immediately processed to obtain tissue 
extracts or to isolate total RNA.

Histological analysis. Paws and ankle joints were dissected and fixed for 2 
weeks in 10% buffered formalin. Fixed tissues were decalcified for 2 weeks 
in 15% EDTA, dehydrated, and embedded in paraffin. Tissue sections 
(10 μm) were cut and stained with hematoxylin/eosin for the detection 
of inflammation. Joint inflammation was scored by the influx of inflam-
matory cells in the joint cavity and synovium. Histological assessment of 
joints was scored by two observers blinded to the treatment, according to 
methods described earlier.38 A score of 0 indicated no cell influx, and 1–4 
was scored according to the degree of cell influx.

Quantitative real-time reverse transcription PCR. Total RNA was isolated 
from paw soft tissues by using TRIzol, according to the manufacturer’s 
instructions. The extracted RNA was kept at −80 °C before use. Real-
time PCR was performed at a final volume of 20 μl in capillary tubes in 
a LightCycler instrument (Roche Diagnostics, Mannheim, Germany). The 
primers used for PCR are given in Supplementary Table S1. Reaction mix-
tures contained 2 μl of LightCycler Fast-Start DNA mastermix for SYBR 
Green I (Roche Diagnostics), 0.5 μmol/l of each primer, 4 mmol/l MgCl2, 
and 2 μl of template DNA. All capillaries were sealed, centrifuged at 500g 
for 5 seconds, and then amplified in a LightCycler instrument with acti-
vation of polymerase (95 °C for 10 minutes), followed by 45 cycles of 10 
seconds at 95 °C, 10 seconds at 60 °C, and 10 seconds at 72 °C. The tempera-
ture transition rate was 20 °C/second for all steps. Double-stranded PCR 
products were measured during the extension step at 72 °C by detection of 
fluorescence associated with the binding of SYBR Green I to the product. 
Fluorescence curves were analyzed with LightCycler software v. 3.0. For 
quantitative analysis of TNF-α, IL-1β, IL-6, inducible nitric oxide synthase, 
and cyclooxygenase-2 mRNA, LightCycler (Roche Diagnostics) was used. 
The expression levels of TNF-α, IL-1β, IL-6, inducible nitric oxide synthase, 
and cyclooxygenase-2 were calculated and corrected for the values of the 
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endogenously expressed housekeeping gene control (glyceraldehyde-3-
phosphate dehydrogenase). Melting curve analysis was performed imme-
diately after the amplification protocol under the following conditions: 0 
second (hold time) at 95 °C, 15 seconds at 60 °C, and 0 second (hold time) at 
95 °C. Temperature change rates were 20 °C/second, except in the final step, 
in which it was 0.1 °C/second. The melting peak generated represented the 
specific amplified product. The crossing point was defined as the maximum 
of the second derivative from the fluorescence curve. Negative controls 
were also included and contained all the elements of the reaction mixture, 
except template DNA. All samples were processed in duplicate.

ELISA. The macrophages were pretreated with AIP6s or NCPs for 2 hours 
and then stimulated with zymosan (0.1 mg/ml) for 24 hours. The levels of 
TNF-α and PGE2 were determined in the harvested supernatants using 
corresponding ELISA kits, according to the manufacturer protocols. 
Levels of TNF-α, IL-1β, IL-6, PGE2, and nitric oxide in the tissue extracts 
were evaluated by ELISA using corresponding anti-mouse antibodies 
and biotinylated secondary antibodies, according to the manufacturer’s 
instructions.

Statistical analysis. Results are expressed as means ± SE. The inhibitory 
effect of AIP6 and NCP at various concentrations was compared by using a 
two-tailed Student’s t-test. Differences between multiple groups were eval-
uated by using one-way analysis of variance, followed by Dunnett’s post 
hoc or Tukey comparisons. Results were considered statistically significant 
at P < 0.05.

suPPleMentArY MAterIAl
Figure S1. Effects of AIP6 on the DNA-binding activity of NF-κB was 
measured by ELISA.
Figure S2. Effects of AIP6 on DNA binding activity of NF-κB p50.
Figure S3. Effects of AIP6 on TPA (phorbol, 12-myristate, 13 
acetate)-induced AP-1 (a), TPA-induced NF-κB (b), and interferon 
(IFN)-γ–induced signal transducer and activator of transcription (STAT) 
activation (c) in RAW 264.7 macrophages.
Table S1. Primers and parameters used in real-time PCR.
Materials and Methods.
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