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aeruginosa (15, 39), with weak or no activity against grampositive bacteria such as Staphylococcus aureus and Streptococcus pyogenes (15, 21, 36). HBD-2 was found to be 10-fold more
potent than HBD-1 and exhibited activity against P. aeruginosa
at physiological concentrations (100 ng/ml) (39). HBD-4
seemed to be less effective than HBD-2 against selected grampositive and gram-negative bacteria and yeasts, with the exception of P. aeruginosa, for which HBD-4 displayed a greater
antimicrobial activity than the other known defensin peptides
(15). In contrast, HBD-3 has shown broad-spectrum activity
against both gram-negative and gram-positive bacteria at concentrations much lower than those for other members of the
␤-defensin family (23). In addition, its activity appears to be
less salt sensitive than those of HBD-1, -2, and -4 (1, 15, 17,
39). Therefore, HBD-3 is considered the most potent ␤-defensin peptide described thus far.
Although detailed analyses of the antimicrobial mechanism
of action of the ␤-defensins are still incomplete, there is now
circumstantial evidence that permeabilization of membranes
is involved, either through the formation of multimeric pores
as described for the ␣-defensins (42) or by an electrostatic
charge-based mechanism as suggested by the structural and
electrostatic properties of HBD-2 oligomer (24). The latter
hypothesis seems to be in accordance with the morphological
changes observed in S. aureus when it is treated with HBD-3
(23).
Several reports have evaluated the antimicrobial spectrum
of the ␤-defensins; however, to date there is no comprehensive
study which has thoroughly investigated the activity of defensins against oral microorganisms. Furthermore, few studies

Innate immunity plays an important role in the battle against
bacterial colonization as a part of the host protective defense
against caries, periodontal diseases, and yeast infections in the
oral cavity (43). To date, many factors are known to play a role
in this response system, one of which is the ␤-defensin family.
Human ␤-defensins (HBDs) are small cationic peptides,
produced by epithelial cells, that are believed to be part of both
the innate and adaptive immune responses in that they demonstrate antimicrobial as well as chemotactic activities (21, 23,
39, 44). ␤-Defensin peptides are present in gingival epithelia
(6, 7), saliva (32), and gingival crevicular fluid (9), placing them
as a first line of defense in the oral cavity. HBD-1 is expressed
constitutively by gingival epithelial cells (26, 32), whereas
mRNA expression of HBD-2, -3, and -4 has been shown to be
up-regulated by specific microorganisms (15, 16, 22, 23, 25, 27)
and by proinflammatory cytokines such as interleukin-1␤, tumor necrosis factor alpha, and gamma interferon in keratinocyte cell cultures (16, 23, 27, 28, 32). There is also evidence that
their expression is increased during inflammation in vivo (23,
30, 32).
The ␤-defensin family has shown activities against grampositive and gram-negative bacteria, fungi, and enveloped viruses in vitro (13, 39). The activities of HBD-1, -2, and -4 have
been reported to be predominantly effective against gramnegative bacteria such as Escherichia coli and Pseudomonas
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Human ␤-defensins 2 and 3 (HBD-2 and HBD-3) are inducible peptides present at sites of infection in the
oral cavity. A few studies have reported broad-spectrum antimicrobial activity for both peptides. However, no
comprehensive study has thoroughly investigated their potential against oral pathogens. The purpose of this
study was to test the effectiveness of HBD-2 and HBD-3 against a collection of oral organisms (Actinobacillus
actinomycetemcomitans, Fusobacterium nucleatum, Porphyromonas gingivalis, Peptostreptococcus micros, Actinomyces naeslundii, Actinomyces israelii, Streptococcus sanguis, Streptococcus mutans, Candida tropicalis, Candida
parapsilosis, Candida krusei, Candida glabrata, and Candida albicans). Radial diffusion assays were used to test
HBD-2 and HBD-3 activities against at least three strains of each species. There was significant variability in
MICs, which was strain specific rather than species specific. MICs ranged from 3.9 to >250 g/ml for HBD-2
and from 1.4 to >250 g/ml for HBD-3. HBD-3 demonstrated greater antimicrobial activity and was effective
against a broader array of organisms. Overall, aerobes were 100% susceptible to HBD-2 and HBD-3, whereas
only 21.4 and 50% of the anaerobes were susceptible to HBD-2 and HBD-3, respectively. HBD-2 and HBD-3
also demonstrated strain-specific activity against the Candida species evaluated. Interestingly, an association
between HBD-2 and HBD-3 activities was noted. This suggests that the two peptides may have similar
mechanisms yet utilize distinct pathways. The lack of activity against specific anaerobic strains and Candida
warrants further investigation of the potential resistance mechanisms of these organisms. Finally, the significant variability between strains underlies the importance of testing multiple strains when evaluating activities
of antimicrobial peptides.
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have assessed their antimicrobial properties against more than
one, or at most two, strains of a given species. The purpose of
this study, therefore, was to investigate the specific antimicrobial properties of the two inducible and reportedly most active
peptides, HBD-2 and -3, against a panel of oral microorganisms.
MATERIALS AND METHODS

RESULTS
Activities of HBD-2 and -3 against oral bacteria. Overall,
aerobes (S. sanguis, S. mutans, A. naeslundii, A. israelii, and
E. coli) were more susceptible to HBD-2 and HBD-3 than
anaerobes (A. actinomycetemcomitans, F. nucleatum, P. gingivalis, and P. micros) (Fig. 1 and Table 1). Of the two defensins
tested, HBD-3 demonstrated greater activity against a broader
array of organisms than HBD-2 (P ⬍ 0.05). Aerobic and anaerobic bacteria demonstrated strain rather than species spec-

TABLE 1. Susceptibilities of the bacteria and yeast
to HBD-2, HBD-3, and SMAP29
Species

Gram stain
reaction

Strain

MIC (g/ml) of:
HBD-2

HBD-3

SMAP29

A. actinomycetemcomitans

⫺

Y4
1200
ATCC 29523

⬎250.0
⬎250.0
⬎250.0

47.9
9.6
⬎250.0

1.7
1.3
2.9

F. nucleatum

⫺

1594
1908
25598
ATCC 49256

⬎250.0
⬎250.0
6.5
10.3

⬎250.0
13.2
32.7
4.5

1.3
0.9
1.0
0.6

P. gingivalis

⫺

W50
ATCC 33277
ATCC 49417

⬎250.0
34.6
⬎250.0

⬎250.0
5.7
⬎250.0

30.1
25.0
13.0

P. micros

⫹

ATCC 33270
8050
2903-02
97-1502

⬎250.0
⬎250.0
⬎250.0
⬎250.0

⬎250.0
⬎250.0
15.9
⬎250.0

16.7
5.7
7.5
11.8

A. naeslundii

⫹

14B01
11A01
14B4C

14.0
8.2
14.0

7.0
7.2
4.1

1.4
1.3
1.2

A. israelii

⫹

9P04
1P04
5A40

10.0
10.0
9.1

10.8
9.0
9.0

2.0
1.9
1.7

S. sanguis

⫹

AC59
P695
NP506

25.0
10.0
8.8

21.3
7.9
7.6

3.0
2.9
3.0

S. mutans

⫹

ATCC 25175
Ingbritt 162
OMZ175
330-5

4.1
4.4
4.7
7.8

5.0
2.6
2.8
3.4

1.9
1.7
1.9
1.6

C. tropicalis

II7
5
362

3.9
13.1
11.9

3.5
3.3
14.4

1.3
2.5
6.4

C. parapsilosis

Pf27
Pf5
ATCC 22019

9.3
14.6
17.8

3.0
1.4
12.4

1.6
1.4
6.4

C. krusei

ATCC 6258
P31
932638

12.2
13.3
⬎250.0

2.0
3.2
13.7

1.6
2.5
13.6

C. glabrata

931010
932474
1480.42

⬎250.0
22.7
⬎250.0

⬎250.0
33.8
⬎250.0

⬎250.0
12.0
⬎250.0

C. albicans

FC16
FC5
ATCC 820

9.4
4.6
59.2

3.2
2.8
7.1

1.6
1.9
3.7

ATCC 9637

3.7

5.1

2.8

E. coli

⫺

ificity in their susceptibilities to HBD-2 and HBD-3. Both
peptides were active against selected gram-positive and gramnegative bacteria (Fig. 1 and Table 1).
For the anaerobes, differences in susceptibilities were seen
for HBD-2 and HBD-3. Fifty percent of the isolates were
susceptible to HBD-3, whereas only 21.4% of anaerobes were
susceptible to HBD-2. HBD-3 was also more potent than
HBD-2 (P ⬍ 0.005) against the four different anaerobic species
tested. MICs ranged from 6.5 to ⬎250 g/ml for HBD-2 and
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Bacterial strains and growth conditions. The activities of HBD-2, HBD-3, and
SMAP29, a sheep cathelicidin (19), against aerobic and anaerobic, gram-positive
and gram-negative oral bacteria and Candida species were determined (Table 1).
For the purposes of this study, aerobic bacteria were defined as those grown with
5% CO2 and included Streptococcus sanguis, Streptococcus mutans, Actinomyces
naeslundii, Actinomyces israelii, and E. coli. At least three strains of each bacterial
and Candida species were tested with HBD-2, HBD-3, and SMAP29 (Table 1).
Actinobacillus actinomycetemcomitans, E. coli, S. sanguis, and S. mutans were
grown in tryptic soy broth (Difco Laboratories, Detroit, Mich.) with 0.6% yeast
extract (Difco); Fusobacterium nucleatum was grown in Schaedler broth (Difco);
Porphyromonas gingivalis was grown in tryptic soy broth (Difco) supplemented
with 5 g of hemin (Sigma, St. Louis, Mo.) per ml; Peptostreptococcus micros was
grown in brain heart infusion (Difco) with 0.5% neopeptone and 5 g of hemin
(Sigma) per ml; and A. naeslundii and A. israelii were grown in brain heart
infusion (Difco). Candida albicans, Candida tropicalis, Candida glabrata, Candida
parapsilosis, and Candida krusei were grown in YPD (1% yeast, 2% peptone, 2%
dextrose) broth (Difco). Cultures were grown overnight either aerobically in a
5% CO2 incubator or anaerobically in 85% N2–10% H2–5% CO2.
Radial diffusion assay. Radial diffusion assays (29) were performed to test the
antimicrobial activities of HBD-2 and HBD-3. E. coli was used as a control
organism, and SMAP29 was used as a control peptide. Briefly, cells were grown
in their appropriate media overnight under the conditions described above to
mid-log phase, centrifuged at 7,500 ⫻ g for 15 min, rinsed with fresh medium,
and resuspended in 10 mM sodium phosphate, pH 7.4. An underlay gel was
prepared, which consisted of a mixture of 1% agarose in 10 mM sodium phosphate (pH 7.4) containing 4 ⫻ 105 yeast cells or 4 ⫻ 106 bacteria. The mixture
was immediately poured into a square petri dish and allowed to solidify. A series
of 3-mm-diameter wells were punched in the agar, and 5 l of recombinant
HBD-2 or -3 (PeproTech, Rocky Hill, N.J.) or SMAP29 (Multiple Peptide
Systems, San Diego, Calif.) diluted in 0.01% acetic acid–0.1% human serum
albumin was added to each well at concentrations ranging from 250 to 0.25
g/ml. A control well containing only 10 mM sodium phosphate buffer was also
prepared on each plate. The plates were then incubated under the appropriate
aerobic or anaerobic conditions at 37°C for 3 h to allow for peptide diffusion. Ten
milliliters of a 1% agar overlay gel containing medium specific for the organism
tested was then poured over the first agar layer to provide nutrients for the cells.
The plates were incubated again for 12 to 18 h until zones of inhibition were
visible. Antimicrobial activities were expressed as MICs, which were calculated as
previously described (4, 40). Briefly, zones of inhibition were recorded with a
Boley gauge as radial diffusion units (zone of inhibition ⫺ well diameter ⫻10).
The x intercept obtained from the relationship between radial diffusion units
versus log10 peptide concentration was determined after regression. Resistance
was defined as an MIC of greater than 250 g/ml. Each experiment was performed in triplicate from different inoculums, and the statistical significance of
the assay was evaluated by using a Student two-tailed t test. Coefficients of
correlations (Pearson coefficient) were calculated to test the association between
peptides and were evaluated by a P value representing the chance that random
sampling would result in a correlation coefficient as far from zero as (or farther
than) the one observed in the experiment.
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from 4.5 to ⬎250 g/ml for HBD-3 (Table 1). Individual
strains of each of the four species demonstrated resistance to
both HBD-2 and HBD-3 (i.e., strains ATCC 29523, 1594, W50,
and ATCC 33270 of A. actinomycetemcomitans, F. nucleatum,
P. gingivalis, and P. micros, respectively). Overall, P. micros was
the most resistant organism, with all strains resistant to HBD-2
and only one strain, 2903-02, susceptible to HBD-3. F. nucleatum was the most susceptible anaerobic organism, with two
strains susceptible and one resistant to both HBD-2 and
HBD-3; the fourth strain tested (strain 1908) was resistant to
HBD-2 but susceptible to HBD-3 (Fig. 1 and Table 1).
Similar to the case for the anaerobes, HBD-3 demonstrated
greater activity than HBD-2 against the aerobes (P ⬍ 0.05).
However, the difference between the activities of HBD-2 and
-3 was not as great as that observed with the anaerobes. All
of the aerobes tested (S. sanguis, S. mutans, A. naeslundii, A.
israelii, and E. coli) were susceptible to both HBD-2 and -3.
MICs ranged from 4.1 to 25.0 g/ml for HBD-2 and from 2.6
to 21.3 g/ml for HBD-3 (Table 1).
SMAP29, the control peptide, displayed greater activity toward both the aerobes and anaerobes than either HBD-2 or
HBD-3. The activities of SMAP29 paralleled those previously
obtained in our laboratory for A. actinomycetemcomitans, F.
nucleatum, P. gingivalis, and E. coli (19). Interestingly, those
strains demonstrating resistance to the defensins were susceptible to SMAP29.
Activities of HBD-2 and -3 against Candida species. The
activities of HBD-2 and HBD-3 against Candida were similar
to those observed for both the anaerobic and aerobic bacteria
(Fig. 2). The antimicrobial variability observed was strain specific rather than species specific, and inhibition ranged from 3.9
to ⬎250 g/ml for HBD-2 and from 1.4 to ⬎250 g/ml for
HBD-3. Like the anaerobes, individual Candida strains demonstrated resistance to both HBD-2 and -3. Two of the three C.
glabrata isolates tested, 931010 and 1480.42, were resistant to

HBD-2 and -3, and C. krusei isolate 932638 was resistant to
HBD-2. Interestingly, the same two C. glabrata isolates were
resistant to the control peptide, SMAP29 (Table 1). C. glabrata
strain 932474, however, was susceptible to HBD-2, HBD-3,
and SMAP29, with MICs of 22.7, 33.8, and 12.0 g/ml, respectively (Table 1). Again, HBD-3 demonstrated greater antimicrobial activity at lower concentrations than did HBD-2 (P ⬍
0.005). The MICs of HBD-2 and HBD-3 were similar for the
Candida species and the aerobic bacteria (resistant strains C.
glabrata 931010, C. glabrata 1480.42, and C. krusei 932638 were
excluded from the analysis).
Association between antimicrobial activities of HBD-2,
HBD-3, and SMAP29. There was strong evidence of association between the MICs obtained with HBD-2 and HBD-3. For
the bacterial population (including aerobes and anaerobes),
the coefficient of correlation between HBD-2 and -3 was high
(r ⫽ 0.7; P ⬍ 0.0001). SMAP29 antimicrobial activity was
correlated to those of HBD-2 and -3 as well, with lesser
strength (r ⫽ 0.37 [P ⫽ 0.03] and r ⫽ 0.50 [P ⫽ 0.046], respectively). When the bacterial population was split into the subgroups of aerobes and anaerobes, there was a better correlation between HBD-2 and -3 within the aerobic population (r ⫽
0.83; P ⫽ 0.0002) than within the anaerobic population (r ⫽
0.54; P ⫽ 0.024). Following this trend, SMAP29 antimicrobial
activity correlated weakly with that of HBD-3 for the aerobic
species (r ⫽ 0.56; P ⫽ 0.023) but not with that of HBD-2. No
correlation between SMAP29 and HBD-2 or -3 was found
within the anaerobic population. The weak correlation or lack
of correlation observed for the three peptides with the anaerobes could be explained by the large number of isolates that
were not susceptible to the peptides even at the highest concentrations.
Strong associations of antimicrobial activity were observed
when the three peptides were tested against the Candida species. HBD-2 and HBD-3 activities were highly correlated (r ⫽

Downloaded from http://jcm.asm.org/ on June 25, 2019 by guest

FIG. 1. Susceptibility of aerobic and anaerobic oral bacteria to HBD-2 and -3. MICs, obtained from radial diffusion assays, of HBD-2 (A) and
HBD-3 (B) against A. actinomycetemcomitans (Aa), F. nucleatum (Fn), P. gingivalis (Pg), P. micros (Pm), A. naeslundii (An), A. israelii (Ai), S.
sanguis (Ss), and S. mutans (Sm) are shown. Values are means and standard deviations from triplicate assays.
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0.79; P ⫽ 0.0002). SMAP29 showed a strong correlation as well
with both HBD-2 and HBD-3 (r ⫽ 0.8 [P ⫽ 0.0002] and r ⫽
0.99 [P ⬍ 0.0001], respectively).
DISCUSSION
In humans, ␤-defensins are found in oral tissues (6, 10, 26,
32), salivary glands (2, 21, 45), salivary secretions (32), and
gingival crevicular fluid (9). In gingival tissue, HBD-1 and
HBD-2 mRNAs are localized predominately in the suprabasal
stratified epithelium and the peptides detected in upper epithelial layers, consistent with the formation of the stratified
epithelial barrier (7), a region exposed to oral bacteria in
plaque on the tooth surface (7). In this study, antimicrobial
activities of HBD-2 and -3 were assessed for the first time
against a panel of oral microorganisms, including several
anaerobes. We showed that HBD-2 and -3 are antimicrobial
against aerobic and anaerobic, gram-positive and gram-negative oral bacteria and Candida species and thus may likely play
an important role in preventing the development of caries,
periodontal infections, and candidiasis. Their importance as
initial innate defenders coincides with other findings in our
laboratory, where increased expression of HBD-3 was associated with health rather than periodontal disease (1a).
The antimicrobial activities of both peptides were strain
specific rather than species specific, such that no particular
delineation between species was observed regarding the efficacy of either peptide. The variability observed within a species
in our study emphasizes the importance of evaluating several
strains of a given species in order to better assess the susceptibility profile of a particular species.
Similar to that reported for nonoral microorganisms, HBD-3
demonstrated a broader spectrum of activity against the organisms tested and greater antimicrobial activity than HBD-2
(23). However, the activities of HBD-2 and HBD-3 still appeared to be associated. This suggests that while HBD-2 and -3
may share a similar target, they may also possess very specific
mechanisms of action. This hypothesis is supported by the fact

that the antimicrobial activity of HBD-3 is not affected by
increased ionic strength (unlike that of HBD-2 [41]), suggesting that binding of HBD-3 to a negatively charged bacterial
membrane may not be its only mechanism of action (23).
Starner et al. demonstrated that unlike that of HBD-2, the
activity of HBD-3 was not mediated by binding to the lipooligosaccharide of Haemophilus influenzae, suggesting that
HBD-3 interacts with different binding sites or possesses a
different mechanism of action than HBD-2 (40). It has been
theorized that HBD-3 could be more active in part due to a
higher net cationic charge than that observed for HBD-2 (23,
25, 40) or that it has the ability to form dimers (35). Interestingly, even though HBD-2 was less effective than HBD-3, it
was still active against the gram-positive aerobes tested in the
present study. These results are somewhat contradictory to the
accepted notion that HBD-2 is not very effective against grampositive bacteria (15, 39). This could be explained, however, by
the limited number of organisms or strains tested in previous
studies.
Our findings also suggest that there are anaerobic pathogens
that are resistant to the ␤-defensins in the oral cavity. This is an
unexpected finding, and the implications for the pathogenesis
of periodontal disease are not yet known. One hypothesis to
explain the resistance observed for the anaerobes is that the
␤-defensin targets may be absent or modified in anaerobes. As
reported for other antimicrobial peptides (11, 33), the ␤-defensin activity could be linked to the respiratory mechanism.
Interestingly, in preliminary experiments in our laboratory,
growing selected isolates of E. coli, S. sanguis, and A. actinomycetemcomitans under both aerobic and anaerobic conditions
did not affect HBD-2 or -3 antimicrobial activities (data not
shown).
The resistance to antimicrobial ␤-defensins and other peptides may also be due to altered outer membrane proteins or
altered lipopolysaccharide (LPS) structures (14, 31, 34). Recently, Brissette and Lukehart demonstrated that Treponema
denticola, which lacks a traditional LPS (37), was naturally

Downloaded from http://jcm.asm.org/ on June 25, 2019 by guest

FIG. 2. Susceptibility of Candida species to HBD-2 and -3. MICs, obtained from radial diffusion assays, of HBD-2 (A) and HBD-3 (B) against
C. tropicalis (Ct), C. parapsilosis (Cp), C. krusei (Ck), C. glabrata (Cg), and C. albicans (Ca) are shown. Values are means and standard deviations
from triplicate assays.
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resistant to HBD-2 (3). The fact that LPS or lipooligosaccharide can be variable between strains of the same species (18)
could partially explain the variable susceptibility pattern observed within a species, where, for example, F. nucleatum
49256 was very susceptible to the defensins tested compared to
F. nucleatum 1594. Modification of such molecules by bacteria
may be part of their strategy to evade the activities of antimicrobial peptides (18). For example, Starner et al. demonstrated
that the susceptibility of H. influenzae to HBD-2 was influenced by lipooligosaccharide acylation of the membrane (40),
which has been associated with P. aeruginosa resistance to
cationic antimicrobial peptides (12).
Interestingly, P. gingivalis, one of the most resistant species
in this study, is notorious for its production of a wide variety of
proteolytic enzymes (5), which have been implicated in the
inactivation of several known antimicrobial peptides (8).
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against the ␤-defensins could raise concern about the defensins’ role as innate defenders in the development and progression of periodontitis. However, the strong antimicrobial
activities displayed against the aerobic or early colonizers (i.e.,
S. sanguis, A. naeslundii, and A. israelii) could disrupt the environment and inhibit sequential colonization and development of the periodontal biofilm. In turn, this could then inhibit
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such as F. nucleatum, A. actinomycetemcomitans, P. gingivalis,
and P. micros. In addition, the susceptibility of S. mutans and
A. naeslundii to both defensins suggests that ␤-defensins may
be important in preventing colonization of cariogenic organisms. Finally, the efficacy described for HBD-2 and -3 against
multiple new medically important emerging species of Candida
that are frequently isolated in immunosuppressed individuals
shows promising application in the treatment of these opportunistic pathogens, which are becoming resistant to traditional
antifungal therapy.
In summary, antimicrobial peptides are emerging as significant host defense and immune response molecules involved in
mucosal defense. Their antimicrobial properties and the emergence of resistance to classical antibiotics have led investigators to study their potential as therapeutic agents. Most cationic peptides do not induce resistance in vitro and have the
capacity to enhance the antimicrobial activity of classical antibiotics (20). Future studies evaluating individual strains among
species with differing susceptibilities to the defensins could
provide insight into the mechanisms of action for the specific
defensins. This would be important, since their therapeutic
applications will be based on their activities and limited by
their resistance potential. It will also be important to evaluate
the potential synergism of defensins and other innate molecules. Finally, evaluating individual functions of the ␤-defensins could assist in justifying the reported number of putative new defensins discovered in this family (38), since true
redundancy of function is rare if not absent in nature.
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