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Antibacterial Action of Anacardic Acids against Methicillin
Resistant Staphylococcus aureus (MRSA)
Isao Kueo,* KEN-ICHI NIHEI, AND KAZUO TSUJIMOTO

Department of Environmental Science, Policy and Management, University of California,
Berkeley, California 94720-3112

The structural and antibacterial activity relationship of 6-alk(en)ylsalicylic acids, also known as
anacardic acids, was investigated against Gram-positive bacteria, emphasizing the methicillin resistant
Staphylococcus aureus ATCC 33591 (MRSA) strain. The unsaturation in the alkyl side chain is not
essential in eliciting activity but is associated with increasing the activity. The antibacterial activity of
methicillin against MRSA strains was significantly enhanced in combination with C,.o-anacardic acid,
and the fractional inhibitory concentration index for this combination was calculated as 0.281. It appears
that biophysical disruption of the membrane (surfactant property) is due to the primary response to
their antibacterial activity, while biochemical mechanisms are little involved. The compounds
possessing the similar log P values exhibit similar activity.
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surfactants; synergists; methicillin; fractional inhibitory concentration (FIC) index

INTRODUCTION precisely explained. The recent result that 6-dodecylsalicylic
In our previous papers, the isolation of anacardic acids from acid (Qz;o-anacgrdic .acid) (5) showed equally pqtent activity
two Anacardiaceae planténacardium occidentalél) and as Gs.z-anacardic acid does not support the previous observa-

Ozoroa mucronatd2), and their diverse biological activities ~ toN- The double bond in the side chainlir3is not essential
were reported. Anacardic acids isolated from these two plants N eliciting antibacterial activity but is involved in increasing it
are salicylic acid derivatives with a nonisoprenoig-@lky! side to a large extent. On the other hand, the alk(en)yl chain length
chain that is monoenoic, dienoic, and trienoic at the C-8, -10, In a@nacardic acids seems to play an important role but the
and -14 positions, all of cis configuration. Among the biological rational éxplanation remains obscure. In addition,£anacardic
activities reported, the antimicrobial activity has been extensively a€id showed bactericidal activity agaii&aiphylococcus aureus
investigated. The isolation of three antibacterial principles was ATCC 33591 (MRSA) strains and the bactericidal action of
achieved by bioassay-guided fractionation from the cashew nutMethicillinagainst these MRSA strains was dramatically
shell liquid (CNSL) by recycle high-performance liquid chro- €nhanced through combination with this anacardic agidthe
matography (R-HPLC) using an ODS column. These antibacter- rationale for this combination remains unknown. Hence, further
ial agents were identified by means of spectroscopic methodsStudy of anacardic acids to gain new insights into their

as anacardic acids, more specifically, 69,11'(Z),14'-pen- antibacterial action on a molecular basis was achieved.
tadecatrienyl]salicylic acid ({s.zanacardic acid)l(), 6-[8'(Z).-

11'(2)-pentadecadienyl]salicylic acid (€-anacardic acid)2), MATERIALS AND METHODS

and 6-[8'(2)-pentadecenyl]salicylic acid i¢3-anacardic acid) _ _ _ _ _
(3), which were previously characterized from the CNSL. ( Chemicals. Natural Gs-anacardic acids (1) and their synthetic

4). In addition, 6-pentadecylsalicylic acid {&ranacardic acid) ~ analogues (1-8)8 9) were available from our previous works. 648
(4) did not show any activity but was isolated from the same (E)-Pentadeceny]salicylic acid (9) and 6-[8'(Z)-heptadecenyl]salicylic

. . i : . : acid (10) were provided by Prof. I. Green and Dr. T. Matsumoto,
Sourcelln mlrE)UtF‘T ar(rjlozntshb)éR HPLC. Thl&@fangcardl_c acid f respectively. Salicylic acid and methicillin were purchased from Sigma
was asp 0 ,ta'ne y hydrogeneration of the m'XtL,"e Ol chemical Co. (St. Louis, MONN,N-Dimethylformamide (DMF) was
anacardic acidsl-4) over P&-C and tested for comparison.  gptained from EM Science (Gibbstown, NJ). L values were

Gellerman et al. §) previously reported that a decrease in  achieved by Chem Draw Pro version 4.5 (Cambridge Soft Co.,
the number of double bonds in the side chain of thg-C  Cambridge, MA) using Crippen’s fragmentation (10).
anacardic acids decreases the antibacterial activity. We also Test Strains. The microorganismsStreptococcus mutar&TCC
observed similar results against Gram-positive bacteria (6). 25175,Staphylococcus aureusTCC 12598,S. aureusATCC 25923,
However, the role of double bonds in eliciting activity was not S. aureusATCC 33591 (methicillin resistant. aureusATCC 33592
(gentamicin and methicillin resistang, aureusATCC 11632 (penicillin

*To whom correspondence should be addressed. Tel: (510)643-6303. "esistant)S. aureus\TCC 29247, andicrococcus luteufATCC 4698
Fax: (510)643-0215. E-mail: ikubo@uclink.berkeley.edu. were purchased from American Type Culture Collection (Manassas,
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VA). Pseudomonas aeruginod&O 3080 was available from our COOH

previous work (11). HO R
Medium. The NYG culture medium for the bacteria consisted of

0.8% nutrient broth (BD, Franklin Lake, NJ), 0.5% yeast extract (BD),

and 0.1% glucose.

Antibacterial Assay. Broth macrodilution methods were used as TR = S e e N
previously described (7). Briefly, serial 2-fold dilutions of the test g 1" 14
compounds were prepared in DMF, and @0 of each dilution was 2 R = e~
added to 3 mL of NYG broth. These were inoculated withp80of a ’ Py T
2 day old culture of the test bacterium. After incubation of the cultures
at 37°C for 48 h, the minimum inhibitory concentration (MIC) was IR=E SN e TN
determined as the lowest concentration of the test compound that 8‘

demonstrated no visible growth. The minimum bactericidal concentra-
tion (MBC) was determined as follows. After the determination of the
MIC, 100-fold dilutions with drug-free NYG broth from each tube
showing no turbidity were incubated at 3C for 48 h. The MBC was 5 RS S S
the lowest concentration of the test compound that showed no visible
growth in the drug-free cultivation. The concentration of DMF in each
medium was always 1%, and the assays were performed at least in
triplicate on separate occasions.

Combination Study. The combination data were obtained by the T:R=>
broth checkerboard method3, 13). A series of 2-fold dilutions of
methicillin was tested in combination with concentrations of 2-fold
dilutions of anacardic acids or their analogues:Bicosylsalicylic acid
(C20.0 was not tested for the combination study because of its poor
solubility in the culture media. The final concentration of DMF in each 9 R = N
medium was 1%, which did not affect the growth of the test strain. In &
all cases, the highest concentration of each compound added to the
bacterial culture was equal to the predetermined MIC. After the cultures
were incubated at 37C for 2 days, the MICs were determined by
using the method described above. The result of the checkerboard test

10: R=> M M e T T TN

was expressed as the fractional inhibitory concentration (FIC) index HO — — /
(13, 14). In this method, synergism is defined as the FIC index 0f5; & " “
additivity is defined as the FIC index of 0-8.0; and antagonism is R 11: Ry = H, Ry = OH

defined as the FIC index 0f£1.0. The lowest FIC index from each Ra 12:R{=Ry=H

checkerboard was recorded. The degree of synergism was compared 13: Ry = CH3, Ry = OH

also by the shape of the isobologram derived from a plot of the FICs
produced by combinations of different concentrations of the two
compounds (1214). The inward bowing of the isobologram indicates
synergism between two antimicrobial agents, and the isobologram bows
more inward as the synergism is stronger.

Figure 1. Chemical structures of anacardic acids and related compounds.

Table 1. Antibacterial Activity of Natural and Synthetic Anacardic Acids
and Salicylic Acid

MIC and MBC (ug/mL)?

RESULTS

compds tested S. mutans® S. aureus® log P
The antibacterial activity of anacardic acids—10) (see natural

Figure 1 for structures) againss. mutansATCC 25175 and 1 (Cis3) 1.56 (6.25) 6.25 (6.25) 6.62
MRSA was tested using a broth dilution method. The results ~ 2(Cis2) 313(3.13) 125(-) 6.89
are listed inTable 1. Among the compounds tested;s& 2&23 >6é(2)g Etj.)zs) >égg 8 ;éé
anacardic acidl), Ci»>g-anacardic acidy), and Go.c-anacardic 10 (Cy7) >800 (-) >800 (-) 8.05
acid (8) were the most potent, each with an MBC of 6.2 synthetic
mL against MRSA. No differences in their MICs and MBCs 6 (Csn) 200 (-) 100 (-) 3.36
were noted, suggesting that their activity is bactericidal. On the 7 (Cso) 50 (-) 12.5(-) 461
other hand, @.¢g-anacardic acid (4) did not exhibit any activity 8 (C00) 3.13(12.5) 6.25 (6.25) 544
against MRSA up to 80@g/mL. The result that G ¢-anacardic g E&?Bd é gg &22) 61.(2)3 gé_)zs) g.gi
acid and Go.c-anacardic acid showed equally as potent activity salicylic acid >800 (-) 400 (-) 295

as Gs.ganacardic acid indicates that the double bond in the

alkyl side chain is not essential. This conclusion does not SUPPOIt & Numpers in italic type in parentheses are MBCs; —, not tested. ® ATCC 25175.
previous reports (5) but suggests that the alkyl chain length is ¢ aTcc 33591 (MRSA). @ E-isomer.

significantly associated with the activity insted).(In the case

againstS. mutansCis.anacardic acidd) was the most effective  againstS. aureuswith new modes of action. Hence, further
with an MBC of 3.13ug/mL, followed by Gs.z-anacardic acid discussion is centered against the MRSA ATCC 33591 strain.
and Gs-anacardic acid3), each with an MBC of 6.2xg/ The stereochemistry of the double bonds in the alkyl side
mL. Neither salicylic acid nor g.c-anacardic acid exhibited chain in Gs-anacardic acidsl—3) needs to be checked if they
any activity up to 80Qug/mL. It appears that the compounds are associated with the activity. In the case gé.& and Go.
possessing the similar Id@values exhibit similar MBC values  o-anacardic acids, their saturated alkyl side chains exist usually
(15), and 3.13ug/mL againstS. mutansseems to be the inthe extended form, which requires the least amount of energy
maximum bactericidal activity. Because of adaptabili§, to maintain. On the other hand, the unsaturated alkyl side chains
aureuscan easily develop resistance to commonly used antibiot- in Cis-anacardic acids (1—3) have a bend of abouft iBOthe

ics (16). There is a great need for effective antibacterial agentshydrocarbon side chain, imposed on the molecule by the cis
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Table 2. Antibacterial Activity of Cys.3-Anacardic Acid (1),
Cizo-Anacardic Acid (5), and Salicylic Acid against the Six Selected
Strains of S. aureus

MIC and MBC (ug/mL)?

strains salicylic
tested penicillin G methicillin 1 5 acid
ATCC

12598° 0.049 (6.25) 1.56 (>6.25) 6.25(6.25) 6.25(6.25) >800 (-)
25923 0.049 (3.13) 156(-) 3.13(6.25) 1.56(3.13) >800(-)
33591¢  >800 (-) 800 (>800) 6.25(6.25) 6.25(6.25) >800 (-)
33592¢  >800 (-) 800 (>800) 6.25(12.5) 6.25(6.25) >800 (-)
11632¢ 800 (-) 156(-) 3.13(-) 3.13(-) >800 (-)
282479 >800 (-) 3.13(50) 12.5(-) 6.25(-) >800 (-)

a Numbers in italic type in parentheses are MBCs; —, not tested. ® Methicillin
susceptible strain. ¢ Methicillin resistant strain. ¢ Penicillin resistant strain.

configuration of the double bond. Two double bonds in the cis
configuration in Gs.3 and Gs.zanacardic acids (12) create

Kubo et al.

1.0

0.8 1

0.6 1

0.4 1

C,,o-Anacardic acid (FIC)

0.2 |

0.0

04 06 08

Methicillin (FIC)
Figure 2. Resulting isobologram of the MICs obtained with combinations
of methicillin and C;,p-anacardic acid against MRSA ATCC 33591. The

FIC index was calculated with the MICs of the combined compounds that
exhibited the best antibacterial combination effect. Data were obtained

0.0 02 1.0

more bends and significantly shorten the side chain length. Theby the checkerboard broth dilution technique at 37 °C. Each plot is the

magnitude of the disordering effect is a function of the length
of the chain distal to the double bond. For examples.&

anacardic acid lacks the double bond in the side chain, which
has been shown to be critical for imparting the antibacterial

activity. Therefore, it seems that the presence of the 8,9-cis

double bond is a specific structural requirement. Thus, the cis
double bond at C-8 position in the&alkyl side chain
significantly affects their molecular shape. However,
observation is that 6-[E)-pentadeceny]salicylic acid (&)
(9) exhibited similar activity against the two bacteria. The
conversion of the 8,9-cis double bond to the 8,9-trans did not
eliminate activity, indicating that the cis double bond in the
side chain is not essential to elicit activity. Moreover, 6-[8'(Z)-
heptadecenyl]salicylic acid (1) (10) did not exhibit any
activity up to 80Qug/mL. It is evident that the molecular shape
does not appear to be a major contributor to the activity. Overall,
the double bond in the alkyl side chain is not essential but is
involved with increasing activity.

The antibacterial activity of .z-anacardic acid (1) and:&
o-anacardic acid (5), penicillin G, and methicillin were tested
against the six selecte. aureusstrains for comparison. The
results are listed imable 2. Both Gs.3 and Ga.ganacardic
acids were effective against all of the strainsSSofureugested,
with the MICs ranging from 1.56 to 12 /&g/mL. The activity
of Ciz.0anacardic acid is slightly more potent than that ef.C

the

mean of triplicate determinations.

Table 3. NADH Oxidase? Inhibitory Activity of Anacardic Acids and
Related Compounds

compds tested ICs (teg/mL)
anacardic acid
1(Cis3) 13
2 (Cas2) 54
3 (Cisa) 2.1
4 (Cis0) 15
5 (Cu;o) >30
salicylic acid >30
cardol (11) 8.2
cardanol (12) >30
methylcardol (13) >30

@ Prepared from M. luteus ATCC 4698 cell membrane.

was calculated as 0.563, indicating that the combination was
only additive. It seems that a more lipophilic anacardic acid

showed a more potent synergistic effect. The rationale for this
effect remains obscure.

Cis-Anacardic acidsi—4) and their selected analogues were
tested for their effects on the bacterial respiratory system®. C
3-anacardic acidl) inhibited oxygen consumption &f. luteus
ATCC 4698 andP. aeruginosalFO 3080 cells when the

3-anacardic acid against some strains tested. Two strains ofsuspensions prepared from these bacterial cells were incubated

methicillin resistantS. aureuswere also resistant to penicillin
G. Overall, the MICs of .3 and Ga.c-anacardic acids did
not considerably differ among the strains tested.

The antibacterial activity of methicillin against MRSA strains
was previously reported to be enhanced in combination with
Cis.zanacardic acid (7). For example, the MIC of methicillin
was lowered from 800 to 25 or 3.18g/mL against MRSA
ATCC 33591 in combination with 1.56 (equivalent to 1/4MIC)
or 3.13ug/mL (1/2MIC) of Gs.z-anacardic acid, respectively.
The FIC index for this combination was calculated as 0.281
(13,14). In addition, the time-kill curve experiment confirmed
that the combinations were also bactericidal. As illustrated in
Figure 2, the equally potent synergistic effect on antibacterial
action was observed in combination withG-anacardic acid,
indicating that the double bond is not essential in eliciting the
synergistic activity. The FIC index for this combination was
also calculated as 0.281. The synergism with methicillin was
affected by the alkyl chain length of anacardic acids. The FIC

with Cys.3-anacardic acid. In addition, anacardic acids inhibited
M. luteusand P. aeruginosaNADH oxidase by a membrane
fraction prepared from the same bacterial cells. The assay was
carried out as previously described (11), and the results observed
indicate that anacardic acids inhibit the bacterial membrane
respiratory chain as listed ihable 3. It should be noted that

M. luteusATCC 4698 andP. aeruginosdFO 3080 strains used

for the experiment are aerobic bacterium. The respiratory
inhibition causes the bacterial cell death due to the lack of
anaerobic fermentative ability. At a glance, the antibacterial
activity of anacardic acids comes, at least in part, from their
ability to inhibit respiratory chain enzyme activity. All1&
anacardic acids (1—4) inhibit the oxidation of NADH by a
membrane fraction prepared frdvh luteuscells, indicating that
anacardic acids inhibit respiratory chain enzyme activity.
Interestingly, salicylic acid did not exhibit respiratory inhibition,
indicating that the g-alkyl side chain is important to elicit this
inhibitory activity. However, G.g-anacardic acid did not inhibit

index decreased with increasing the alkyl chain length. In the bacterial NADH oxidase up to 3@/mL, while Gs.s-cardol

connection with this, the FIC index ofsG-anacardic acid (6)

(12) inhibited this NADH oxidase. In addition, neithersz
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cardanol (12) nor g.3methylcardol (13) exhibited the NADH  strains. In addition, anacardic acids were reported to inhibit lipid
oxidase inhibition activity up to 3@g/mL. The results obtained  synthesis of bacterial cells by inhibiting glycerol-3-phosphate
are consistent with the previous reports that anacardic acidsdehydrogenase (23). The relevance of the in vitro experiments
exhibit uncoupling effects on oxidative phosphorylation of rat in simplified systems to the complex interaction between
liver mitochondria using succinate as a substrété, (L8). anacardic acids and bacterial system needs to be carefully
Apparently, the number of double bonds in the side chain is considered.

not directly associated with the respiratory inhibition activity, The current study indicates that anacardic acids seem to target
but the alkyl side chain length appears to be related to the the extracytoplasmic region and thus do not need to enter the
activity. It is worth noting that g-anacardic acids also inhibited  cell, thereby avoiding most cellular pump-based resistance
NADH oxidase in bovine liver mitochondria, although to a lesser mechanisms. There still seems to be a lack of important

extent. knowledge for the design of effective antibacterial agents. The
unsaturation in the alkyl side chain is not essential in eliciting
DISCUSSION activity but is associated with increasing it. A similar phenom-

enon among g-fatty acids is well-known (for example, linoleic

The bactericidal effect of {gzanacardic acid against two  acid vs stealic acid)2d, 25), but the precise explanation for
MRSA strains, ATCC 33591 and ATCC 11632, was previously thjs still remains unknown. The lipophilicity of molecules is
confirmed by the time-kill curve experiment. In both cases, known to affect biological activities to a large extent (26). For
lethality occurs quickly, within the first 2 h after the addition jnstance, the increased lipophilicity of molecules decreases their
of Cis:z-anacardic acid. In addition, ;&s-anacardic acid was  solubility in water-based test media. In other words, the
found to exhibit bactericidal activity against both MRSA strains hydrophobic portion of molecules plays an important role in
at any growth stage and also even when cell division was gliciting activity but the rationale for this is still poorly
inhibited by Chloramphenicol. It is thus not I|ke|y that the understood. In briefl ﬁ:?}' and QZ:O_anacardiC acids appear to
reduced bacterial viability is due to interaction with synthesis possess the optimum balance of the head and tail structure. The
of macromolecules such as DNA, RNA, and proteins. These gpservation that a decrease in the number of double bonds in
results most likely indicate that the bactericidal activity @tC  the side chain of the fganacardic acids decreases the antibacter-
s-anacardic acid againsk. aureusis associated with the jg| activity may be explained by the knowledge that the
disruption of the membrane (7). introduction of unsaturation or branching into the hydrophobic

It appears that anacardic acids primarily act as a surfactantgroup is known to increase the solubility of the surfactant in
(physical disruption of the membrane), but biochemical mech- water (27). As long as anacardic acids are compared, it may be
anisms are barely involved in eliciting activity. The following logical to assume that a compound with a large alk(en)yl group
needs to be taken into consideration. Firsi-&acardic acids and log P value around 6.5 should exhibit the most potent
(1—4) have been found to inhibit bacterial respiration and antibacterial activity agains. aureus.
inhibition of the respiratory chain, which is known to result in Last, Gs-anacardic acids characterized from the cashew apple
cell toxicities. The respiratory inhibition mechanism is not likely  (28) were previously described to inhibit the growth of
to be the primary mode of action of anacardic acids because allHelicobacter pylori(29), which is now considered to cause acute
Cis-anacardic acids exhibited similar respiratory inhibition but - gastritis.S. aureuss one of the main bacteria that causes food
Cisganacardic acid did not show any antibacterial activity. poisoning, anc. mutanss the bacterium responsible for dental
However, the process by which anacardic acids reach to thecaries. Antibacterial agents from a regularly consumed fruit may
action sites in living organisms is usually neglected in the cell- pe superior as compared to nonnatural products.
free experiment. On the basis of the data obtained, it can be
assumed that the amphipathic anacardic acids are able to enteACKNOWLEDGMENT
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