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Abstract
TNF-α is an important cytokine mediator of inflammation, which can implicate that inhibition of TNF ac-
tivity may provide a potential clinical application. Our recent data indicates that treatment of both human 
and mouse cells with Kavain significantly modulate P. gingivalis- or LPS-induced TNF-α expression. In order 
to obtain a selective analog with optimized biological activity of Kavain, we designed and synthesized Ka-
vain analogs. Kav2-6 is one of these analogs, which has a much stronger biological function in vitro and in 
vivo experiments such as Collagen Antibody Induced Arthritis, or Endotoxic Shock.

Introduction

 TNF-α is an important cytokine mediator of inflammation and can be induced in response to inflam-
matory stimuli such as P. gingivalis and LPS in various cell types [1,2]. The regulation of TNF-α gene expres-
sion in cells of monocytic lineage is complex and stimulus-dependent, involving controls at the transcrip-
tional level [3]. However, the relative contribution of these regulatory elements is poorly understood.

 The inhibition of TNF activity by some inhibitors successfully suppresses TNF-α-mediated disease 
activities [4,5] and may lead to clinical remission. Thus, the anti-immunogenic potential of the TNF-α 
inhibitors have been widely studied. Our previous data indicated that treatment of both human and mouse 
cells with an appropriate dose of Kavain significantly modulates P. gingivalis/LPS-induced TNF-α expression 
[6,7].

 Kavain has been known for its therapeutic properties for several decades [8-12], and its anti-
inflammatory action has been widely studied [13,14]. It was also found that Kavain affects TNF-α 
transcriptional regulation [15]. In hindsight, we recently found that Kavain possesses a slight potential for 
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toxicity to mammalian cells, probably due to its naturally occurring heterocyclic compound with additional 
benzene ring side chain.

 We hypothesize that the Kavain may function with increased efficacy in conjunction with the 
appropriate modification of their chemical structure. In this paper, we designed and synthesized Kavain 
analogs and found one Kavain analogue (named Kav2-6) that significantly reduced LPS-induced TNF-α 
production by 87% and did not induce any significant toxicity compared to the controls. Furthermore, in 
vivo experiments using CAIA animal model or anti-endotoxic shock have confirmed that Kav2-6-simulated 
a similar phenomenon, which we have observed in vitro. 

Animal case study

Animals and cells

 Week-old WT (C57BL/6) mice (Jackson Labs) were maintained under strict Specific Pathogen-Free 
(SPF) conditions. All protocols were approved by the Boston University Institutional Animal Care and Use 
Committee and were performed in compliance with the relevant animal care and use laws and institutional 
guidelines. Mouse Bone Marrow Macrophage (BMM) from WT mice were cultured in a RPMI-1640 media 
(Cat#: 11875–093, Life Technologies, NY) with 10% FBS at 37°C in a 5% CO2 atmosphere.

ELISA

 The treated media from BMM (collected from WT mice) or THP-1 cells were subjected to ELISA for 
TNF-α detection with the kit Cat#:KMC30110 (Invitrogen) or Bcl6 detection with the kit KA2605 (Abnova). 
ELISA immune reactivity was quantified using a micro plate reader (Model 680, Bio-Rad). The data were 
analyzed and then graphed.

Endotoxic shock assay

 8–12 week old, weight-matched wild-type mice (n = 5) weighing 20–25 g were injected 
intraperitoneally (i.p.) with 5 x 108 P.g/mouse, and then immediately underwent an oral gavage of 100µg/
mouse Kavain or Kav2-6 or 100 µl DMSO as control. The treated mice were maintained in a normal light 
cycle room and provided with free access to rodent chow and water. The mice were regularly monitored for 
their behavior and mortality every hour. The survival time of each treated mouse was recorded, and a graph 
was made based on the results. 

Cytotoxicity tests

 A Cell Counting Kit-8 (CCK-8) assay (Dojindo Laboratories, Kumamoto, Japan) was used to measure 
the cytotoxicity of treated mouse BMM by following manufacturer’s instructions.

Compounds

 Kavain as positive control was purchased commercially (Cat#500-64-1, AvaChem Scientific) and 
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Kavain analogs were design by our lab and synthesized by the Boston University Chemical Instrumentation 
Center. The purity of all Kavain analogs were determined to be >95% by UPLC-MS. The chemical compounds 
of Kavain and Kav2-6 were prepared immediately before conducting the experiment. All compounds were 
dissolved in DMSO and adjusted to 10 µg/µl as the stock concentration. 

Collagen Antibody Induced Arthritis (CAIA) mouse model

 All mice (n=5) were pretreated with ArthritoMab (Cat# CIA-MAB-2C, MD Bioproducts) on the first 
day, and then mice underwent oral gavage with 100 µl DMSO or different concentration of Kav2-6 (5, 15, or 
30 mg/kg Kav2-6 dissolved in a 100 µl DMSO) as negative control group. As the positive control group, mice 
were oral gavaged with 100µl of 1x108P.gingivalis (cells were suspended in 2% Carboxymethyl Cellulose). 
In the testing groups, the mice were oral gavaged with 100µl of 1x108P. gingivalis and 30mg/kg of Kavain 
(dissolved in a 100µl DMSO), or mice were oral gavaged with 100µl of 1x108P. gingivalis plus 5, 15, or 
30mg/kg of Kav2-6. All mice above were treated once/day for a period of 3 days. The paws of the mice were 
monitored for arthritis development daily for 12 days by observing and recording the redness and swelling 
of paws. The arthritic paws were imaged and further analyzed. The data was analyzed using paired t-test 
with unequal variance using comparisons of control groups at each time point versus experimental groups. 

Statistical analysis

 All experiments were performed in triplicate and statistical analyses were conducted with the SAS 
software package. All data was normally distributed. For multiple mean comparisons, we conducted Analysis 
Of Variance (ANOVA), while we used the Student’s t-test for single mean comparison. For time-course study, 
we used a two-way repeated measure ANOVA. P values less than 0.05 was considered significant.

Results

Biochemical screening of Kava Analogs

 Our recent data indicated that Kavain inhibited P.gingivalis/LPS-induced TNF-alpha expression; 
hence were interested in the medicinal chemistry and biochemical screening efforts, to obtain selective 
analogs of Kavain with an optimized bioactivity and physico-chemical properties. As shown in figure 1, 
we designed more than twenty kavain analogues and finally selected Kav2-6 with its different chemical 
structures from Kavain.

Figure 1: The chemical structures of Kavain and Kav2-6 are illustrated.
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Inhibition of LPS-induced TNF-α by Kav2-6

 Furthermore, we examined whether these compounds of Kavain analogs inhibited LPS-induced 
TNF-α production in BMM. As shown in Figure 2, treatment with Kav2-6 in BMM reduced LPS-induced 
TNF-α production to 13%, which was more reduction than the corresponding Kavain treatment (28%).

 It suggested that Kav2-6 retained and reflected the major biological functions of Kavain. 

 To detect the efficacy of prolonged period for Kav2-6, BMM were co-treated with LPS plus Kavain as 
a control or with Kav2-6 as test group for either 1 hour (black bars, group 1) or 4 hours (grey bars, group 
2). TNF-α was detected using the supernatant from each group utilizing ELISA. As shown in figure 3, treat-
ments of Kav2-6 along with Kavain reduced LPS-induced TNF-α production.

 However, during extended time upto 4 hours, only treatment of Kav2-6 maintained a stable efficacy 
to inhibit LPS-induced TNF-α production, suggesting that the efficacy of Kav2-6 is superior in comparison 
to Kavain. 

Figure 2: ELISA assay. The mouse BMM cells were treated with DMSO as negative control or LPS (0.1 µg/ml) as positive con-
trol. Cells were treated with 100 µg/ml of compound (Kavain or Kav6-2) for 1 hour, and then added with 0.1 µg/ml LPS for 
another one hour. After washing by PBS, cells were added with fresh medium and 100 µg/ml of Kavain or Kav6-2 overnight. 
The medium from each group was assessed by ELISA with antibody against TNF-α. 

Figure 3: Analysis of efficacy. The mouse BMM were treated with DMSO as negative control or LPS (0.1 µg/ml) as positive 
control. Cells were co-treated with 100 µg/ml of Kavain or Kav6-2 with an addition of 0.1 µg/ml LPS for 1 hour or 4 hours 
respectively. After washing with pBS, cells were added with fresh medium and 100 µg/ml of Kavain or Kav6-2 overnight. The 
medium from each group was assessed by ELISA with antibodies against TNF-α.
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Analysis of the toxicity of Kav2-6

 We previously demonstrated that Kavain has minimal toxicity to cells. Our investigations with Kav2-
6 revealed that, indeed alleviated the Kavain-induced with minimal toxicity. As shown in figure 4, after 
treatment of mouse BMM with these compounds for 4 hours, Kav2-6 did not induce a significant level toxi-
city when compared to the control (treated by Kavain).

Analysis of Kav2-6 mediated biological function

 To examine the biological function of Kav2-6, dose-course analysis for Kav2-6 (Figure 5) or for LPS 
(Figure 6) was performed. As shown in Figure 5, an increase of Kav2-6 concentration from 2 µg/ml to200 
µg/ml (Figure 5, No.6-8) in LPS-pretreated mouse BMM reduced LPS-induced TNF-α levels when compa-
red with the treatment of Kavain (Figure 5, No.3-5). Surprisingly, an increase of LPS concentration from 0.1 
µg/ml to 0.4 µg/ml (Figure 6, No.3-5) was capable of counteracting Kavain-mediated inhibition of TNF-α. 
However, this phenomenon was not observed when Kav2-6 was utilized (Figure 6, No.6-8). It suggested 
that Kav2-6 is an ideal inhibitor of TNF-α in comparison to Kavain.

Figure 4: Toxicity assay. The mouse BMM were either untreated or treated with 0.1 µg/ml LPS, DMSO, 100 µg/ml Kavain or 
100 µg/ml Kav2-6, or co-treated with0.1 µg/ml LPS plus 100 ug/ml Kavain or Kav2-6 for 3 hours. Cells werecontinuously 
added with CCK-8 (Sigma) for 2 hours following the manufactureprovided methods. The viable cells from each test group 
were measured at 450 nm using a Micro-Reader to determine their cells survival rate.

Figure 5: Dose course. The mouse BMM were treated with DMSO or 0.25µg/ml LPS for 1 hour. Cells were washed with PBS, 
then fresh medium was added and treatedwith 2 µg/ml, 20 ug/ml or 200 ug/ml of Kavain, or with 2 µg/ml, 20 ug/mlor 200 
ug/ml of Kav2-6 overnight. The treated medium from each group was assessed by ELISA with antibodies against TNF-α.
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CAIA or endotoxic shock analysis

 The biological function of Kav2-6 detected in vitro was further confirmed by an in vivo assay of CAIA 
mouse model (Figure 7) or endotoxic shock (Figure 8). As shown in Figure 7, an abnormal swelling in the 
forepaws or hind palm of mouse was clearly observed after treatment of P.gingivalis. However, P.gingivalis-
induced swelling in the paws/palm of mouse was significantly reduced after mice were oral gavaged with 
Kav2-6 in comparison to the control. The clinical score showed the results consistent with the observed 
phenomenon.

Figure 7: CAIA animal model. All mice (n=5) were i.p. injected with ArthritoMab (Cat# CIA-MAB-2C, MD Bioproducts) one 
day prior, the mice were then respectively oral gavaged with 1mg/kg Kav2-6 (dissolved in a 100µl DMSO) once/day for 5 
days as negative control group. Mice were respectively gavaged once/day for 5 days with 100µl of 5x108P.g. (suspended in 
2% Carboxymethyl Cellulose) as the positive control group. Mice were respectively oral gavaged with 100µl of 5x108P.g. 
(suspended in 2% Carboxymethyl Cellulose) and 1mg/kg Kav2-6 (dissolved in a 100µl DMSO) once/day for 5 days as the test 
group. Forepaws/hind palm of the treated mice were monitored for arthritis development daily for 12 days by evaluating 
the redness and swelling. Their arthritis of paws/palm were imaged (A). The clinical evaluation of their paws were further 
analyzed (B). p≤0.05 values have been generated using t-test comparing the control group at each time point.

Figure 6: Effect of Kav2-6 on LPS induced TNF-α.The mouse BMM was treated with different concentration of LPS; 0.1 µg/
ml (lanes 3 & 6), 0.2 µg/ml (lanes 4 & 7), or 0.4µg/ml (lanes 5 & 8) for 1 hour. Cells were washed with PBS, then addition of 
fresh medium with 200 µg/ml Kavain (lanes 1, 3-5), or 200 µg/ml of Kav2-6 (lanes 2, 6-8) and kept overnight. The treated 

medium was collected and assessed byELISA with antibody against.
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Figure 8: Endotoxic shock test.Age-matched male mice (n = 5) were untreated (A) or oral gavaged with 100µl of Kav2-6 
alone (5 mg, 15 mg, or 30 mg/kg Kav2-6 suspended in 2% Carboxymethyl Cellulose, B-D) as control. Mice were i.v. injected 
with P.g alone (1 x 108/mouse, E) as the positive control, or co-treated with i.v. injection of P.g (1 x 108/mouse) with an oral 
gavage feeding of 100µl of Kav2-6 (5mg, 15mg, or 30mg/kg suspended in 2% Carboxymethyl Cellulose, F-H). Mice were then 
monitored for their survival/mortality every hour in a day for a period of 4 days. The survival time of each treated mouse 
was calculated and graphed.

 To investigate whether treatment with an appropriate dose of Kav2-6 can protect animal from 
P.gingivalis treatment, an endotoxic shock assay was conducted. Mice were gavaged with DMSO (Figure 8, 
panel A) or different concentrations of Kav2-6 alone (panels B-D) as the negative control, or i.p. injected 
with a lethal number of P.g (5 x 108 cells/mouse, panel E) as the positive control, or co-treated with Kav2-6 
(5 mg/kg, 15 mg/kg, or 30 mg/kg) immediately incorporating an i.p. injection of P.g (5 x 108 cells/mouse, 
panels F-H) as a test group. Treated mice were then monitored for their behavior and mortality every hour. 
As shown in figure 8, mice show normal levels of behavior by Kav2-6 alone treatment (panels B-D), and all 
mice in this test group were dead within 24 hours due to i.p. injection with lethal dose (panel E). However, 
four of five mice were still alive for 96 hours, which received co-treatment of P.g in conjunction with 30 mg/
kg of Kav2-6 (panel H). This suggests that Kav2-6 provided treated mice with a significant resistance to P.g-
induced endotoxic shock probably by inhibiting the subsequent rise in TNF-α production [16].

Discussion

 Kavain was found to affect TNF-α transcriptional regulation pathway [6,7]. To obtain the optimized 
scaffolds from Kavain, we had designed, synthesized and examined some Kavain analogs in this paper. One 
Kavain analogue (Kav2-6) was found to significantly suppress LPS-induced TNF-α production in BMM cells. 
Treatment of Kav2-6 in other cells such as mouse RAW cells or human monocyte-like cells (THP-1) also 
showed reduction of LPS-induced TNF-α production (data not shown). Compared with Kavain, Kav2-6 has 
much stronger biological function in vitro and in vivo experiments such as CAIA or endotoxic Shock, sugges-
ting that Kav2-6 possesses optimized bioactivity and physico-chemical property with a modified chemical 
structure of Kavain. 

 DMSO is known to be widely used as reagent solvent but sometimes causes a slight toxic effect to 
mammalian cells [17]. We found that Kav2-6 is not dissolved in water as well but, can be dissolved in low 
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concentration of DMSO (10%, diluted with water/pBS, data not shown) while Kavain is only dissolved in 
the higher concentration of DMSO (≥25%, data not shown). It may be a plausible reason why Kav2-6 and 
some other analogues show relatively low toxicity to BMM compared to Kavain. We therefore hypothesized 
if the chemical structure of Kavain analogue is modified with a hydrophilic side chain to provide alterations 
of the heterocyclic compound of Kavain it may not only prevent the analogue from DMSO-mediated toxicity 
to cells but also maintain a longer period of efficacy. Our most recent data support this potential hypothesis 
[18].

 Regarding the mount of compound used in the treatment of mice, we selected oral gavage with an 
increased dosage of compound rather than i.v. or i.p. injection. For the reason of 1) ease of processing, 2) 
repeatability, 3) stability (for example, a careless or an inappropriate treatment of mice by i.v. injection may 
cause serious injuries or death of mice, that affects accurate collection/analysis of data from in vivo experi-
ments such as CAIA or endotoxic shock assay). 

 Our preliminary data also show that the treatment of Kav2-6 significantly reduces LPS-induced neu-
trophil infiltration (data not shown). Since our previous data [7] show that My D88/LITAF is involved in 
Kavain-mediated signaling pathway, we hypothesized that the neutrophil infiltration of cells or mice may 
go through a similar pathway induced by different inhibitors. If this is potential and viable hypothesis, Ka-
vain/Kav2-6 may be used for suppression of neutrophil infiltration induced by different stimuli or injury. 
Further research is required to address this hypothesis, which gives us insight for our future research.

Conclusions

 We have demonstrated that the treatment of Kav2-6 in BMM significantly reduced LPS-induced 
TNF-α production with more biological efficacy and less cellular toxicity compared to the corresponding 
treatment of Kavain. Our present data show that Kav2-6 also suppresses P.g-induced CAIA/Endotoxic shock. 
Overall, our data here may serve as a foundation for future studies linking that Kav2-6 may be a valuable 
option to inhibit TNF-α driven model of inflammation /inflammatory diseases.
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