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Abstract

The oral microbiome is a complex ecological niche where both commensal and pathogenic 

bacteria coexist. Previous reports have cited that the plant isolate honokiol is a potent inhibitor of 

S. mutans biofilms. Herein we report a cross-coupling method that provides access to a concise 

library of honokiolinspired analogs. Through this work we determined that the inhibitory activity 

of honokiol is highly dependent on the growth conditions. Further, we identify a series of analogs 

that display significant potency against oral bacteria leading to the discovery of a potent 

antimicrobial.
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In the past decade studies have correlated that healthy human microbiomes play a role in 

combating “modern plagues” such as diabetes, obesity, Crohn’s, and celiac disease.1 The 

oral microbiome, a specific microbial niche residing in the oral cavity of humans, has gained 

attention due to the complexity in which the microorganisms interact both in commensal and 

pathogenic manners. This ecosystem is home to various species of bacteria that have adapted 

to live in the microaerophilic and/or anaerobic environments that exist surrounding the teeth, 

gingiva, and tongue.2,3 Scientists have turned to chemical biology to develop new tools to 

study these systems and understand them at the molecular level. Interest in S. mutans has 

grown since it has been highly associated with the formation of carries via environmental 

acidification which leads to the corrosion of tooth enamel (Figure 1A).4,5 Early colonizers 

such as commensal Streptococcus sanguinis and Streptococcus gordonii are responsible for 

early plaque formation by anchoring adhesion proteins to the pellicle of the tooth and 

producing glucan polymers that constitute the matrix of dental plaque. S. mutans is able to 

invade this matrix, form microcolonies, and eventually develop into a mature biofilm that is 

responsible for tooth decay via acidification.6,7 Another lesser known and more harrowing 

disease that has been associated with S. mutans biofilm growth is infective endocarditis, or 

inflammation of the inner tissues of the heart.8 S. mutans has the capability to nest itself in 

the heart as a mature biofilm and block the blood supply to the inner heart tissues causing 

inflammation. To date, few natural products have been reported to be effective inhibitors of 

the oral pathogen S. mutans. One such example is the natural product carolacton which has 

attracted the attention of our group as well as the Kirshning and Wagner-Döbler laboratories.
9–11 Carolacton specifically targets S. mutans cells as they transition into a biofilm. In 

contrast, the phenolic natural product honokiol has received attention due to the reportedly 

potent inhibitory activity against S. mutans (Figure 1B).12,13 Although isolated and first 

reported in 1982 from the bark or seeds of a magnolia tree, honokiol has been used as a 

therapeutic in Chinese, Japanese, and Korean traditional herbal remedies for centuries.14,15 

Previously, our group developed a concise synthesis of honokiol via oxidative phenolic 

coupling.16 In this report we leverage this method to develop a focused library of honokiol-

inspired analogs to better understand the structure–activity relationship against oral bacteria.

Our group has developed an expedited method to access this natural product scaffold.17 

Accordingly, we sought to apply this method in a general sense for two reasons: 1) to 

demonstrate the scope of this method for uniting aryl moieties and 2) to provide a library of 

analogs to answer specific structure–activity relationship questions. The analog design was 

organized into three groups based on the scaffold (Figure 2). Group A mimics the biaryl 

architecture of the natural product honokiol, Group B focuses on the naphthalene scaffold, 

and Group C examines the necessity of the biaryl linkage.

As mentioned previously, the oxidative coupling reactions developed in our lab were used to 

synthesize the specific congeners of the general subclasses outlined in Figure 2. A 

vanadium-catalyzed phenol homocoupling was used to assemble A4 and A5 (eq 1).18 
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Selective cross-coupling of two different phenols was accomplished with a chromium 

catalyst developed previously.16 Table 1 illustrates how the technique was used to rapidly 

assemble an array to investigate structure–activity relationships; in these cases no 

optimization of the yields was performed as the bioactivity was the focus. To investigate an 

alternate biaryl union, C2 was prepared by Friedel–Crafts alkylaton of the parent bisphenol 

(eq 2). The analogs described in Table 1 are all congeners of the parent structures in Figure 

2.

(1)

(2)

At the beginning of our investigation we were interested in comparing the inhibitory activity 

of honokiol (1A) to that of our newly synthesized analogs. Minimum inhibitory 

concentration (MIC) assays, minimum biofilm inhibitory concentration (MBIC) assays, and 

minimum bactericidal concentration (MBC) assays were undertaken. We initially performed 

the MIC assays in a 5% CO2-supplemented environment to promote growth of S. mutans in 

an environment that most closely mimics a healthy oral cavity. The MIC of honokiol was 

determined to be 250 µM (66.6 µg/mL), which was in stark contrast to the literature value of 

10 µg/mL (Table 2). After revisiting the original procedures, we recognized that the original 

assays were completed in an aerobic environment, which precludes the growth of S. mutans.
12 As expected, when aerobic conditions were employed in the assay, the potency of 
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honokiol increased to 125 µM (33.3 µg/mL). These results demonstrate that although S. 
mutans growth is inhibited by honokiol, the overall efficacy of the compound will be less 

under physiological conditions. Furthermore, our studies show that honokiol is unable to 

inhibit biofilm growth (Figure S3) and was not bactericidal at concentrations of 250 µM or 

lower.

Undeterred by these findings, we sought to evaluate the bioactivity of our honokiol-inspired 

analogs against a panel of representative oral bacteria via MIC, MBIC, and MBC assays 

(Table 2 and Figure S3). Out of the 26 honokiol analogs (see Figures S1 and S2 for all 

structures) four compounds showed significant inhibition at low concentrations (≤16 µM). 

Analogs C2, B5, B8, and B11 were the most impressive with MIC values of 2 µM, 8 µM, 16 

µM, and 16 µM, respectively, against planktonic S. mutans. The analogs were also tested 

against two commensal strains that are early colonizers: S. gordonii and S. sanguinis. 

Generally, the MICs for these commensal strains mirrored the values for the pathogenic S. 
mutans hinting at a broad-spectrum inhibitory mechanism.

Biofilms are of particular importance to the oral cavity as they protect the bacteria and allow 

them to outcompete other colonizers by decreasing the local pH, thereby causing enamel 

erosion and other pathologies resulting from the acidified environment.19 For these reasons, 

the analogs were tested for their ability to inhibit the formation of S. mutans biofilm (Figure 

S3). Initial reports identified honokiol as a biofilm inhibitor; however in our hands, the 

MBIC values were within one dilution of the MIC. Based on these results, it is likely that 

biofilm inhibition is an effect of the inherent toxicity of the compounds to the planktonic 

bacteria and not by a biofilmspecific mechanism. Honokiol and the analogs tested herein all 

potently deterred the formation of biofilms when the cells were grown in the presence of 

sucrose, albeit at the previously determined MIC values. This likely indicates that the 

compounds are targeting the bacteria in a general fashion and do not show any preferential 

killing to biofilms.

We next sought to determine if the compounds were working in a bacteriostatic or 

bactericidal manner. Toward this end, a regrow analysis was completed to determine the 

MBC values of the active analogs against S. mutans (Figure S4). The MBC values reported 

refer to the concentration at which there is a 3-Log reduction in CFU count corresponding to 

99.9% bacterial cell death (Table 2). Analog C2 had the lowest MBC value at 4 µM 

confirming that the molecule is bactericidal.20 Analogs B8 and B11 were also shown to be 

bactericidal; however, the MIC and MBC of analog B5 differs by four dilutions hinting at a 

bacteriostatic mechanism. These findings suggest that compounds C2 and B5 may be 

inhibiting the growth of S. mutans by different mechanisms.

Research has focused mainly on the antitumor, antifungal, and anti-inflammatory activities 

of honokiol resulting in the identification of various cellular targets.21–24 In contrast, the 

mechanism of action of honokiol, or the derivatives reported, in these oral pathogens has 

been elusive. Therefore, future work will focus on determining the mechanism by which 

these molecules elicit their response.
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Our initial interest in the natural product honokiol was 2-fold: 1) to probe the bioactivity 

profile of the compound and 2) as a means to showcase our newly developed synthetic 

method to access biaryl scaffolds. By extending the aryl connectivity with a two-carbon 

linker, the potency of the lead compound increased from 250 µM to 2 µM. Intriguingly, the 

phytochemical dihydrostillbene Batatasin-III, which possesses an analogous scaffold has 

been studied for its antifouling abilities and has ties to ancient Chinese herbal remedies 

along with honokiol (Figure 3).25 Based on these chemical similarities, it is possible that the 

extended scaffold has unrealized biological activity against cariogenic agents and warrants 

further study. Future work will include a more expansive analog library that will address 

these hypotheses and will be reported in due course.

In conclusion, the work presented herein highlights the importance of performing biological 

testing at physiologically relevant conditions. Our results have demonstrated that the 

bioactivity of honokiol may be overstated. However, our curiosity surrounding the natural 

product led to the serendipitous discovery of a highly potent, bactericidal analog, C2, with 

an MIC value of 2 µM (66 ng/mL). This compound serves as an exciting starting point for 

future translational studies which may be of particular interest to the oral care industry based 

on its simple structural architecture and potent bioactivity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A) Early colonizers S. sanguinis and S. gordonii allow cariogenic S. mutans to form biofilms 

on the surface of the tooth by adhering to the pellicle. B) The natural product honokiol has 

been previously reported to inhibit S. mutans growth. Here we demonstrate that analog C2 is 

a more potent bactericidal agent against oral microbiome bacteria.
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Figure 2. 
Analogs are classified in three groups. Group A = biaryl scaffold; Group B = napthalene 

scaffold; Group C = extension scaffold.
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Figure 3. 
Summary of biologically active honokiol-inspired analogs. Comparison of the structure of 

C2 and the natural product batatasin- III.
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Table 1

Cr-Salen Catalyzed Cross-Couplings

product
phenol A
R1, R2, R3

phenol B/naphthol B
R4, R5, R6, R7/ R8, R9 yield (%)

A2 t-Bu, t-Bu, H Me, HO, H, Me 38

A3 Me, Me, H 63a,b,c

A6 allyl, t-Bu, OH H, Me, Me, Me 33

A7 t-Bu, Me, H Me, H, H, i-Pr 74a,b

A8 allyl, t-Bu, OH H, H, Me, H 28

A9 i-Pr, i-Pr, H H, Me, Me, Me 18

A10 allyl, allyl, H Me, H, H, i-Pr 4b

A11 t-Bu, t-Bu, H Me, OH, H, Me 29d

B1 Me, Me, H H, H 65

B2 MeO, MeO, H H, H 72

B3 t-Bu, t-Bu, H H, H 83a

B4 t-Bu, t-Bu, H HO, H 88

B5 t-Bu, t-Bu, H H, Br 24

B6 i-Pr, i-Pr, H H, Br 72

B7 allyl, t-Bu, H H, MeO 49

B8 allyl, t-Bu, H H, Br 85

B9 Me, t-Bu, H H, H 13

B10 i-Pr, i-Pr, H MeO2C, HO 56

B11 n-Pr, t-Bu, H H, MeO 18a,

B12 n-Pr, t-Bu, H H, Br 93e

B13 i-Pr, i-Pr, H H, pyrazole 28

B14 allyl, t-Bu, H H, OH 21d

a
See ref 16.

b
para–para Coupling.

c
Homo coupling.

d
Trimer from two molecules of phenol A and one of phenol/naphthol B.
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e
Obtained by hydrogenation of B7 or B8.
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