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In the present study, human atherosclerotic carotid arteries were examined following endarterectomy for the presence of the
Gram-positive bacterium Propionibacterium acnes and its potential association with biofilm structures within the arterial wall.
The P. acnes 16S rRNA gene was detectable in 4 of 15 carotid artery samples, and viable P. acnes was one among 10 different bac-
terial species recoverable in culture. Fluorescence in situ hybridization analysis of 5 additional atherosclerotic carotid arteries
demonstrated biofilm bacteria within all samples, with P. acnes detectable in 4 samples. We also demonstrated that laboratory-
grown cultures of P. acnes biofilms were susceptible to induction of a biofilm dispersion response when challenged with physio-
logically relevant levels of norepinephrine in the presence of iron-bound transferrin or with free iron. The production and re-
lease of lipolytic and proteolytic extracellular enzymes by P. acnes were shown to increase in iron-induced dispersed biofilms,
and these dispersion-induced P. acnes VP1 biofilms showed increased expression of mRNAs for the triacylglycerol lipases
PPA2105 and PPA1796 and the hyaluronate lyase PPA380 compared to that in untreated biofilms. These results demonstrate
that P. acnes can infect the carotid arteries of humans with atherosclerosis as a component of multispecies biofilms and that dis-
persion is inducible for this organism, at least in vitro, with physiologically relevant levels of norepinephrine resulting in the
production and release of degradative enzymes.

Atherosclerosis, or hardening of arteries, is one of the principal
predisposing factors for heart attack and stroke in the United

States, Europe, and Japan (1, 2). When atherosclerosis develops,
the arterial walls thicken and lose elasticity due to the buildup of
plaque deposits within the wall. Eventually, this condition may
result in rupture of the overlying fibrous cap, which can lead to the
development of a thrombosis or blood clot within the circulation
(2). The progression of atherosclerosis is widely believed to be
driven by increased levels of low-density lipoprotein (LDL) cho-
lesterol in the blood (3), and this disease has been correlated with
apolipoprotein E deficiency in mice (4). Over the past 20 years,
research has shown that in addition to LDL/cholesterol, arterial
plaque deposits typically contain infecting bacteria or signature
prokaryotic biomarkers (2, 5–12). Previous work in our labora-
tory has shown that bacteria within carotid arterial plaques are
present as biofilm infections and that at least one species of bac-
teria, Pseudomonas aeruginosa, which was commonly observed in
the carotid arterial plaque samples we analyzed, undergoes a bio-
film dispersion response when challenged in vitro with physiolog-
ically relevant levels of the catechol hormone norepinephrine in
the presence of the iron chelator transferrin (13).

In the present study, we analyzed atherosclerotic human ca-
rotid arteries for the presence of Propionibacterium acnes, a non-
spore-forming, anaerobic, Gram-positive bacillus that is often
found as a member of the cutaneous and conjunctival microbiota
of humans (14) and has been associated with pulmonary infec-
tions, endocarditis, and other intravascular infections (15–17) as
well as with atherosclerotic plaque deposits (18, 19). P. acnes has
been shown to form pathogenic biofilms on biological materials,
such as joint prostheses (20), catheters (21), and aortic valve im-
plants (22). We screened 15 atherosclerotic carotid arteries for the

Propionibacterium 16S rRNA gene and an additional 10 arteries
for P. acnes organisms recoverable in culture in reinforced clos-
tridial medium (RCM). Fluorescence in situ hybridization (FISH)
was performed on a further 5 atherosclerotic carotid arteries to
determine the location of P. acnes within carotid arterial plaque
deposits and to assess the degree of involvement of P. acnes within
the biofilm infections present.

One of the hallmarks of biofilm growth is the ability of biofilm
bacteria to disperse, a bacterial response that requires the release
of extracellular lytic enzymes, which may have the potential to
damage surrounding tissues in the area of the plaque lesion (23–
28). We investigated whether P. acnes would undergo a dispersion
response in vitro when norepinephrine was added to biofilms of
the organism grown in pure culture in the presence of iron-bound
transferrin. To test for the presence of lytic enzymes released as a
result of iron-inducible dispersion, we performed tributyrin deg-
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radation assays for the detection of lipases and casein degradation
assays for the detection of proteolysis following exposure to in-
creased iron in the medium. The transcriptional levels of lipase
and hyaluronate lyase genes were assessed using quantitative PCR
(qPCR) analysis of iron-treated biofilms. The Propionibacterium
acnes strains used in this study were VP1 (ATTC 6919) and the
clinical isolate hdn-1 (which was recovered and isolated from a
human atherosclerotic carotid artery in this study).

MATERIALS AND METHODS
Bacterial strains and media. Propionibacterium acnes clinical isolate
hdn-1 and strain VP1 (ATTC 6919) were grown directly from carotid
artery samples or from frozen stocks in the presence of 5% CO2 at 37°C, in
full-strength or 1:5 RCM (Becton, Dickinson & Co., Sparks, MD) con-
taining 0.1% sodium thioglycolate (Sigma), unless otherwise indicated.
For RNA analyses, P. acnes strain VP1 was cultured in reinforced clostrid-
ium broth (without agar) (HiMedia, Mumbai, India). Biofilm cultures of
P. acnes were prepared from frozen stocks in full-strength RCM and pre-
cultured for 48 h at 37°C, followed by a 1:20 inoculation into 1:5 RCM
under microaerophilic conditions within a CO2 incubator set to 5% CO2.

Carotid artery specimens and sampling. A total of 30 carotid arteries
from patients with advanced atherosclerosis were used in the present
study. These were subdivided into three groups: groups A, B, and C.
Group A comprised patient samples 1 to 15, which were used for 16S
rRNA gene extraction and amplification. Group B comprised patient
samples 16 to 25, which were used for separation of bacteria from host
tissues and for cultivation of viable bacteria in RCM. Group C comprised
patient samples 26 to 30, which were used for FISH. Endarterectomy
samples from patients with advanced atherosclerosis were acquired under
aseptic conditions at UHS Wilson Hospital (Johnson City, NY), trans-
ferred to sterile saline solution upon removal, and stored at 4°C. All sam-
ples were transported to Binghamton University within 3 h of removal
from patients and processed within 12 h. No patient data were collected
for the present study; therefore, the overall health, personal histories, and
postoperative outcomes of patients involved in this study are not re-
ported. This project was IRB approved by United Health Services, Bing-
hamton, NY (approval file number IRB00003573).

DNA extraction from atherosclerotic arteries. Carotid artery ex-
plants from group A (patients 1 to 15) were processed in our laboratory by
grinding subsamples under aseptic conditions in a laminar flow hood,
using an autoclave-sterilized mortar and pestle, until no intact tissue re-
mained in 400 �l of extraction buffer (0.2 M NaCl, 50 mM Tris, pH 8.0,
0.2 mM EDTA, 0.5% SDS) for each 0.1 g of tissue. Following extraction,
samples were aseptically transferred to sterile microcentrifuge tubes. To
protect DNA, 2.0 �l proteinase K (20 mg/ml) was added and mixed well.
The solution was incubated at 37°C for 30 min, added to 400 �l of phenol,
mixed by inversion for 30 s, and centrifuged for 5 min at 16,000 � g. The
upper phase was transferred to a clean tube, reextracted with 400 �l of
phenol-chloroform (50:50) followed by 400 �l of chloroform, and mixed
10:1 with 3 M sodium acetate, pH 4 to 5, and an equal volume of isopro-
panol. The solution was mixed gently and stored at �20°C for 15 h. The
solution was centrifuged for 10 min at 4°C and 16,000 � g, and the super-
natant was discarded. The DNA pellet was washed in 200 �l of 75% eth-
anol (EtOH), centrifuged at 10,000 � g for 2 min, and removed. The pellet
was allowed to dry for 5 min, dissolved in 30 �l of Tris-EDTA (TE) buffer,
and stored at �20°C until further processing.

Propionibacterium PCR and sequencing. Amplification of the Propi-
onibacterium 16S rRNA gene was carried out using the primers Propi-
onibacterium-F (5=-GTGCTTAACACATGCAAGTCG-3=) and bak4 (5=-
AGGAGGTGATCCAACCGCA-3=) (29). DNAs were extracted from
0.1% agarose gels containing samples yielding positive bands for the Pro-
pionibacterium 16S rRNA gene by using the Promega Wizard SV gel and
PCR clean-up system (Madison, WI). A set of nested primers, Prop-F-
Nested (5=-GCCTGAGAGGGTGACCGG-3=) and Prop-R-Nested (5=-G
TCAACCCGTATCGAAAGCA-3=), was used to reamplify the DNA. Re-

amplified DNA was extracted, and the DNA concentration was analyzed
using a Tecan Infinite M200 Pro instrument (Mannedorf, Switzerland).
Sequencing was performed using 8 pM Prop-Sequencing primer (5=-GA
TGCAGCAACGCCGCGTG-3=) and sent to the Cornell University se-
quencing facilities (Ithaca, NY).

Bacterial extraction and growth from atherosclerotic carotid arter-
ies. Arteries from group B (patients 16 to 25) were screened for viable
bacterial cells recoverable in culture. Approximately 1.0-g samples of ex-
planted atherosclerotic carotid arteries were cut into smaller pieces and
transferred to a sterile tissue grinder (VWR). A total of 2.5 ml of 1�
phosphate-buffered saline (PBS) was added to the tissue grinder. The
tissue was ground to a pink paste and transferred to a sterile petri dish.
Full-strength and 1:5 RCM broths were inoculated with the paste (1:100
inoculation) and incubated at 37°C and 5% CO2 for 7 days or until visible
growth was present. In addition, full-strength RCM agar plates were
spread with 150 �l of the paste and incubated under identical conditions.
As a control, the saline in which the atherosclerotic arteries were stored
during transport to the laboratory was also used as an inoculum in 1:5
RCM and was placed under microaerophilic conditions at 37°C. All tubes
inoculated with saline were negative for growth.

DNA sequencing of viable bacteria. Broth cultures were inoculated
onto three full-strength RCM agar plates by using the streak-plate tech-
nique and were incubated under anaerobic (saturated atmospheric CO2,
using a BD GasPak EZ system), microaerophilic (5% CO2), and aerobic
(standard atmospheric) conditions at 37°C. Streak plates were made from
individual colonies and incubated under the above-described oxygen
conditions, and isolated colonies were then used to inoculate 20 ml of
full-strength RCM and incubated at 37°C and 5% CO2. After 2 days of
growth, DNA was extracted using an UltraClean microbial DNA isolation
kit (MoBio Laboratories Inc., Carlsbad, CA). PCR mixtures to amplify the
V2-V3 regions of the 16S rRNA gene were set up using primers 16S-
Forward (5=-AGAGTTTGATCCTGGCTCAG-3=) and HDA2 (5=-GTAT
TACCGCGGCTGCTGGCAC-3=) (30). Reactions were performed in
0.2-ml PCR tubes, using nanopure water (6.2 �l), dimethyl sulfoxide
(DMSO) (1.0 �l), 10� PCR buffer (Invitrogen) (1.0 �l), 25� MgSO4

solution (Invitrogen) (0.4 �l), both the 16S-Forward and HDA2 primers
(0.1 �l of each), deoxynucleoside triphosphates (dNTPs) (0.2 �l), high-
fidelity Taq polymerase (Invitrogen) (0.04 �l), and extracted genomic
DNA (1.0 �l). Following electrophoresis, 16S rRNA gene bands were ex-
cised and eluted from the gel by using the Promega Wizard SV gel and
PCR clean-up system (Madison, WI). The concentration of DNA was
analyzed using a Tecan Infinite M200 Pro machine (Mannedorf, Switzer-
land). Sequencing using 8 pM HDA2 primer was performed at the Cornell
University sequencing facilities (Ithaca, NY).

Preparation of arterial plaque samples for fluorescence in situ hy-
bridization. Sections of carotid arterial plaques from group C (patients 26
to 30) were removed using a sterile razor, embedded in Optimal Cutting
Temperature cryo-embedding solution, and maintained at �20°C.
Transverse 25-�m sections were obtained using a Leica CM 1850 cryostat
(Houston, TX) and were stored on precleaned microscope slides at
�20°C.

FISH. FISH was performed on thin sections of carotid arterial tissue
samples by using the following probes: a CAL Fluor Red 590-tagged uni-
versal EUB338 probe, a Quasar 570-tagged nonsense EUB338 probe, and
a Quasar 670-tagged P. acnes 23S rRNA gene probe (5=-GAGTGTGTGA
ACCGATCATGTAGTAGGCAA-3=) (31). Probes were purchased from
Biosearch Technologies, Novato, CA. Prior to hybridization, tissue sam-
ples were incubated in 10% formalin (Macron Chemicals, Phillipsburg,
NJ) at 37°C for 2 h in frame-seal incubation chambers (Bio-Rad, Hercules,
CA). After incubation, tissues were washed with 1� PBS followed by 10
mM Tris (pH 7.5) and then reincubated in 10 mM Tris with 1 mg/ml
lysozyme (Amresco, Solon, OH) and 30 U/ml of achromopeptidase
(Sigma, Switzerland) for 25 min at 37°C. Samples were washed for 5 min
in 10 mM Tris, pH 7.5, and dehydrated in an ethanol series (30, 70, and
100% ethanol in 10 mM Tris, pH 7.5) prior to hybridization. The probe
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(final concentration, 125 nM) was added to the hybridization buffer (50%
formamide, 2� SSC [1� SSC is 0.15 M NaCl plus 0.015 M sodium ci-
trate], 10% dextran sulfate, 0.1% sodium dodecyl sulfate, 1� Denhardt’s
solution, 40 mM sodium phosphate, pH 7). A total of 70 �l was added to
the tissue within the incubation chamber and allowed to incubate for 5
min at 75°C, followed by overnight incubation at 37°C (31).

After incubation, 1 ml of wash buffer (1� SSC, 10% formamide in
nuclease-free water) was added to the slides and incubated at 37°C for 15
min. After 15 min, an additional 1.0 ml of wash buffer was added and
allowed to incubate for 15 min at 37°C. Glox antifade mounting solution
was added to the slide (Biosearch Technologies, Novato, CA), followed by
a clean coverslip. The slides were stored at 4°C until used for analysis. A
Leica TCS SP5 confocal laser scanning microscope (CLSM; Leica, Solms,
Germany) was used to detect all three probes, using the HeNe 1-mW (543
nm), DPSS 20-mW (561 nm), and HeNe 10-mW (633 nm) lasers.

Biofilm dispersion assay. Sterile 24-well plates (Nalge Nunc Interna-
tional, Rochester, NY) were inoculated with 500 �l of 1:20 P. acnes VP1 in
1:5 RCM and incubated at 37°C for 48 h under microaerophilic condi-
tions. Medium in the wells was exchanged with 250 �l of fresh sterile
medium at 48, 72, 96, 120, 132, 144, and 156 h. The assay was performed
at 159 h. At the time of the assay, medium containing planktonic bacterial
cells was removed from the wells, and the wells were washed with 0.85%
saline. The wash medium was exchanged with fresh medium supple-
mented with 0.1 or 0.5 mM Fe2� and incubated under microaerophilic
conditions at 37°C for 1 h. Dispersion was determined by recording the
optical density at 595 nm (OD595) of released bacteria following transfer
of culture supernatants to optically clear microtiter plates, using a Fisher
Scientific multiscan MCC instrument (Thermo Electron Corporation,
Vantaa, Finland).

Transferrin/norepinephrine dispersion assays were carried out with P.
acnes VP1 and hdn-1, using the same protocol, under microaerophilic
conditions at 37°C. All media used for transferrin/norepinephrine disper-
sion assays contained 0.5 g/liter bovine holo-transferrin (MP Biomedi-
cals, Solon, OH). Instead of being treated with increasing levels of Fe2�,
the medium was supplemented with 0.4 mM norepinephrine at 159 h
(Sigma, St. Louis, MO). All subsequent steps were performed as described
above. In addition to obtaining the optical densities of the culture super-
natants, culture techniques on RCM agar were used to obtain the numbers
of CFU per milliliter of dispersed cells for treated and untreated biofilms.

Biofilm harvesting from tube reactors for qPCR and enzyme activity
assays. Continuous-flow biofilm reactors were configured with 4 oxygen-
impermeable Norprene tubes in parallel, with an internal diameter of 1.6
mm and a length of 32 in. (size 14; Masterflex). RCM was pumped
through the tubing via a Masterflex 8-roller-head pump to a closed efflu-
ent medium reservoir. The assembled system was sterilized by autoclaving
prior to inoculation. Tubes were inoculated with 3 ml of planktonic P.
acnes VP1 culture grown in full-strength RCM, injected by syringe
through rubber septa into the lumen of the tubing. Cells were allowed to
attach for 24 h before the flow of 1:5 RCM (2.5 ml/h) was initiated. The
residence time in the tubing was 38.7 min, allowing only attached organ-
isms to be retained in the tubing (32). Biofilms were cultured on the
interior surfaces of the Norprene tubing in a 5% CO2 incubator at 37°C
prior to harvesting. P. acnes dispersion within tube reactors was carried
out by the addition of free iron (through ferrous sulfate), as we had pre-
viously established that an increase in free iron (resulting from the inter-
action of norepinephrine and iron-bound transferrin) induces a disper-
sion response in P. aeruginosa (13).

Extracellular protein harvesting and extracellular enzyme activity
assays. The absorbance values for the effluents from iron-treated and
untreated biofilm tube reactors were obtained in order to calculate the
numbers of CFU per milliliter. Protein extracts of these samples were
prepared by centrifugation at 10,800 � g for 5 min at 4°C (Sorvall Legend
XTR centrifuge; Thermo Scientific, Asheville, NC), followed by syringe
filtration (0.2-�m Supor membrane; Pall Life Sciences, Port Washington,
NY) to remove cell material. Volumes were adjusted to equalize the num-

bers of CFU per milliliter for both samples. Samples were frozen at �20°C
and lyophilized (Freezone 2.5-liter freeze-dry system; Labconco, Kansas
City, MO).

Protein extracts were resuspended in 1 ml of ice-cold 1� TE buffer
and split into two 500-�l samples. Lipase activity was determined using a
protein extract to which 56 �l of phenylmethylsulfonyl fluoride (PMSF; 3
mg in 1 ml of EtOH) was added per 500 �l of sample in order to inhibit
protease activity. A total volume of 160 �l of protein extract containing
PMSF was added to wells in tributyrin agar (23 g tributyrin HiVeg agar
base [HiMedia, Mumbai, India] and 10 ml tributyrin [Acros Organics,
Belgium] in 990 ml water). Additionally, 160 �l of the protein extract not
containing PMSF was added to wells in milk agar (50 g skim milk [Becton
Dickinson, NJ] and 15 g Bacto agar [Becton Dickinson, NJ] in 1.0 liter of
water). The plates were sealed with Parafilm and allowed to incubate for
24 h at 37°C. After 24 h, wells were inspected for the volume of agar
cleared. Images were acquired and analyzed using ImageJ software. All
assays were performed in triplicate.

qPCR analysis of virulence factors. After 7 days of biofilm growth in
tube reactors under continuous-flow conditions, 1:5 RCM was supple-
mented with 0.5 mM iron by addition of ferrous sulfate (FeSO4·7H2O).
Iron-supplemented RCM was allowed to flow through the system for 38
min, and then the continuous flow was turned off and tubes were clamped
off upstream from the inoculation septa and maintained under static con-
ditions for 12 min. Biofilm reactor effluent and biofilm mass attached to
the walls were rolled out into 50-ml Falcon tubes containing 7.5 ml of
RNAprotect bacterial reagent (Qiagen, Limburg, Netherlands) and placed
immediately on ice.

Samples were centrifuged at 10,000 � g at 4°C for 5 min (Sorvall
Legend XTR centrifuge; Thermo Scientific, Asheville, NC), supernatant
liquid was removed, and the bacterial pellet was resuspended in TRIzol
reagent (Life Technologies, Carlsbad, CA). Both samples were sonicated
at 5 W for 10 s on and 15 s off, for 4 total cycles. Following sonication, the
TRIzol reagent protocol was followed for RNA isolation and precipita-
tion.

DNA was removed from the sample according to the manufacturer’s
specifications, using Turbo DNA-free (Life Technologies, Carlsbad, CA),
and total RNA was measured using a Tecan Infinite M200 Pro instrument
(Mannedorf, Switzerland). Generation of cDNA was performed with an
iScript cDNA synthesis kit (Bio-Rad, Hercules, CA), using 2 �g of RNA,
according to the manufacturer’s specifications. The synthesized cDNA
was used for qPCR following the protocol from a Kapa SYBR Fast Uni-
versal qPCR kit (Kapa Biosystems, Wilmington, MA). qPCR was per-
formed using an Eppendorf Realplex2 Mastercycler machine (Eppendorf,
Hamburg, Germany). Primer sequences used for specific genes are pro-
vided in Fig. 6A. The RecA gene was used as the housekeeping gene for
standardization.

RESULTS
Involvement of P. acnes in carotid arteries of patients with ad-
vanced atherosclerosis. Of 15 atherosclerotic carotid arteries
probed for the Propionibacterium sp. 16S rRNA gene sequence
from group A (patients 1 to 15), 4 were shown to be positive (from
patients 3, 5, 8, and 9). The PCR products from these positive
samples were sequenced and analyzed for alignment to known
bacterial 16S rRNA gene sequences by using BLAST (Basic Local
Alignment Search Tool), and all 4 products aligned with the 16S
rRNA gene sequence from P. acnes (Fig. 1A). We also performed a
comparison of these sequences with our laboratory strain, P. acnes
VP1, to ensure that we did not have contamination of our sample
DNA from this source. Comparative sequence alignments are
shown in Fig. 1B, and chromatograms for these sequences are
shown in Fig. 1C. The first nucleotide in the alignment is the single
nucleotide polymorphism (SNP) we used to establish that the re-
covered strains differed from the lab strain. As shown in Fig. 1C,
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this region of the chromatogram has low background noise, as
analyzed using the software FinchTV.

Recovery and identification of viable bacteria from athero-
sclerotic carotid arteries. While recovery of the 16S rRNA genes
of P. acnes and other bacteria demonstrated that this nucleic acid

was present within carotid arterial plaque deposits, it did not
prove the presence of viable infecting bacteria. We wished to dem-
onstrate that cultivable bacteria, including P. acnes cells, were
present within carotid arterial plaque by recovery of these cells in
culture on artificial medium. From 9 of 10 carotid arteries in

FIG 1 P. acnes sequence data from carotid artery explants from study patients. (A) BLAST results for 16S rRNA gene sequences from patients 3, 5, 8, and 9,
indicating species identities, sequence lengths, expect values (numbers of hits by chance in searches of a database of a particular size), and maximum identities
(percentages of similarity between the query and subject sequences over the length of the coverage area). (B) Alignment of the P. acnes VP1 16S rRNA gene
sequence from our laboratory with 16S rRNA gene sequences from carotid arterial plaque samples obtained from patients with atherosclerosis. Nucleotide
differences between the 4 plaque-derived samples and our laboratory strain are indicated in bold, underlined, and shaded, while nucleotides consistent among
all 5 sequences are highlighted with asterisks below the alignment. (C) Chromatograms for lab strain VP1 and the 4 clinical isolates. The nucleotides included in
the chromatogram are boxed in panel B. Locations where nucleotides are replaced with a dash denote a location where the software called for a base but no
evidence of a base to be called was present on the chromatogram. Underlined nucleotides denote locations where the software replaced the nucleotide with “N”
and the nucleotide was assigned after chromatogram analysis.
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group B (patients 16 to 25), obtained from patients showing ad-
vanced atherosclerosis, we were able to recover 10 species of bac-
teria in culture on RCM. Among these 9 arterial samples, single
species were recoverable from 5 arteries and two or more species
were recoverable from 4 arteries. The recovered species included
Rothia mucilaginosa, Rothia sp. oral clone BP1-71, Streptococcus
parasanguinis, Propionibacterium acnes (4 strains), Staphylococcus
sciuri, Staphylococcus caprae, Staphylococcus warneri, Staphylococ-
cus epidermidis (2 strains), Enterococcus faecalis, and uncultured
bacterial clone ncd2696d05c1. A complete list of bacteria recov-
ered from each atherosclerotic carotid artery is shown in Table 1.

Eubacterial 16S rRNA gene and P. acnes 23S rRNA gene
FISH-probed samples. The common carotid artery, a prominent
location for the development of atherosclerosis, is comprised of
three major anatomical structures, each separated by an elastic
membrane. The adventitia is the carotid artery’s outermost tissue,
distal from the blood flow and overlying the media, which con-
tains smooth muscle. Beneath the media lies the intima, the inner-
most layer of the artery, which includes the endothelium that
forms the wall of the arterial lumen. The external elastic mem-
brane lies between the adventitia and the media, while the inner
elastic membrane lies between the media and the intima (33).
Arteriosclerosis results in distortion of the anatomy of the artery,
causing the intima, which is concave in cross section, to become
convex. In addition, a fibrous cap typically forms over the plaque
lesion buildup and is associated with the development of an ath-
eroma or body within the tunica intima. The anatomy of healthy
and atherosclerotic arteries is shown in Fig. 2. In a previous study
on human atherosclerotic carotid arteries, we demonstrated the
presence of bacteria growing as biofilms, as determined by criteria
established by Parsek and Singh (34). In the present study, the 5
human carotid arterial samples with advanced atherosclerosis that
made up group C (patients 26 to 30) were examined. From each
sample, 2 transverse slices with a 25-�m thickness were probed by
FISH and observed by fluorescence microscopy. Each of the ca-
rotid arterial samples was found to be negative for the presence of

the bound nonsense EUB338 16S rRNA gene probe and positive
for the presence of the bound eubacterial probe (n � 5/5), and 4 of
these 5 samples were observed to bind the P. acnes probe (n � 4/5),
as shown in Fig. 3A. Bound probe was present throughout the
25-�m thickness of the tissue for all five samples analyzed, not
solely on the surface, indicating that the bacterial biofilms were
attached and embedded throughout the tissue.

The sample from patient 26 contained extensive green fluores-
cence from the eubacterial 16S rRNA gene probe bound within the
intima, located less than 5 �m distal from the blood-artery inter-
face, as shown in Fig. 3A. We observed red fluorescence from the
P. acnes 23S rRNA gene probe associated with all of the microcolo-
nies. P. acnes represented approximately 45% of the total amount

TABLE 1 16S rRNA gene sequence data for viable bacteria recovered from carotid arterial explants from 10 study patientsa

Patient no. Organism Accession no. Sequence length (bp) E value

16 Rothia mucilaginosa strain DY-18 NR_074690.1 130 3.00E�47
Streptococcus parasanguinis strain M143 JQ511682.1 398 0.00
Rothia sp. oral clone BP1-71 AB121855.1 465 0.00

17 Staphylococcus sciuri strain MRI493 JQ511539.1 79 2.00E�19
Propionibacterium acnes HL096PA1 CP003293.1 470 0.00
Propionibacterium acnes clone A24-2 GU413917.1 314 1.00E�153

18 Propionibacterium acnes clone A24-2 KM099464.1 405 0.00
Uncultured bacterium clone nck342d06c1 KF110262.1 344 8.00E�177

19 Propionibacterium acnes hdn-1 CP006032.1 473 0.00

20 Staphylococcus caprae strain S3 HG421011.1 509 0.00
Staphylococcus epidermidis strain Se-C108 KR149342.1 302 1.00E�138

21 Staphylococcus warneri strain S407 AY126245.1 503 0.00
22 Staphylococcus caprae strain S3 HG421011.1 504 0.00
23 Staphylococcus epidermidis strain ECNU-He1 JN175380.1 435 0.00
25 Enterococcus faecalis strain BalI 19 FJ619724.1 397 0.00
a The data give BLAST results for the V2-V3 region of the 16S rRNA genes, showing sample number, species, sequence length, and expect value (number of hits by chance in
searches of a database of a particular size).

FIG 2 Anatomy of healthy and atherosclerotic carotid arteries. The three
tissue layers (adventitia, media, and intima) and the elastic membranes are
pointed out in both healthy and diseased arteries. Within the atherosclerotic
artery, plaque buildup is also pointed out, and the consequences of this
buildup on the anatomy of the artery are depicted.
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of detected probe, indicating that other, non-P. acnes bacteria
were also present. The sample from patient 27 (Fig. 3A) contained
both green fluorescence from the eubacterial 16S rRNA gene
probe and red fluorescence from the P. acnes 23S rRNA gene
probe and revealed the presence of microcolonies within a thick-
ened area of the media proximal to the external elastic lamina and
adventitia. The green fluorescent probe was observed throughout
the external elastic lamina and into the adventitia, less than 30 �m
distal from the outer surface of the artery. The P. acnes 23S rRNA
gene probe was associated with microcolonies within the media in
an area of damaged tissue. Red fluorescence from the P. acnes 23S
rRNA gene probe appeared to comprise approximately 35% of the
total amount of probe present. The sample from patient 28 (Fig.
3A) demonstrated extensive binding of the eubacterial 16S rRNA
gene probe and the P. acnes 23S rRNA gene probe within an area of
damaged intima and media. We observed the P. acnes 23S rRNA
gene probe associated with all of the microcolonies and represent-
ing approximately 65% of the total amount of probe detected.
Both the eubacterial and P. acnes probes were present less than 5
�m from the blood-artery interface, and the biofilm infection
continued for more than 300 �m into the arterial wall. The sample

from patient 29 (Fig. 3A) contained the eubacterial 16S rRNA
gene probe and the P. acnes 23S rRNA gene probe associated with
the media. The bound P. acnes 23S rRNA gene probe represented
approximately 30% of the total amount of probe present.

While the images in Fig. 3A demonstrate extensive P. acnes
involvement and biofilm colonization within human atheroscle-
rotic carotid arteries, Fig. 3B demonstrates biofilm colonization
with virtually no P. acnes involvement. Figure 3B depicts a micro-
graph for patient 29 containing the bound eubacterial 16S rRNA
gene probe but no detectable P. acnes 23S rRNA gene probe within
the media adjacent to the intima, approximately 400 �m distal
from the blood-artery interface. This observation demonstrated
that involvement of P. acnes can vary with location in the artery, as
this carotid arterial sample contained extensive P. acnes involve-
ment at other locations (Fig. 3A, patient 29). Figure 3B shows a
micrograph of an arterial sample from patient 30, containing
green fluorescence from the eubacterial 16S rRNA gene probe
near and adjacent to the endothelial layer at the blood-artery in-
terface. No bound red fluorescence from the P. acnes 23S rRNA
gene probe was detectable in this thin section. These findings
showed that P. acnes was present and extensively involved within

FIG 3 Confocal laser scanning photomicrographs of FISH-probed atherosclerotic carotid arteries. (A) Locations and presence of eubacterial 16S rRNA gene-
and P. acnes 23S rRNA gene-bound probes throughout atherosclerotic carotid arteries of 4 different patients. Green fluorescence indicates the presence of the
bound eubacterial 16S rRNA gene probe, while red fluorescence indicates the presence of the bound P. acnes 23S rRNA gene probe. These samples contained both
eubacterial 16S rRNA gene- and P. acnes 23S rRNA gene-bound probes. (B) Locations and presence of eubacterial 16S rRNA gene- and P. acnes 23S rRNA
gene-bound probes throughout atherosclerotic carotid arteries of 2 different patients. Green fluorescence indicates the presence of the bound eubacterial 16S
rRNA gene probe, while red fluorescence indicates the presence of the bound P. acnes 23S rRNA gene probe. These samples contained minimal to no detectable
bound P. acnes 23S rRNA gene probe. (C) FISH-probed sample from patient 27, comparing a location of healthy tissue to a location where the atheroma was
present. Locations examined under a higher magnification are indicated by white boxes. Green fluorescence indicates the presence of the bound eubacterial 16S
rRNA gene probe, while red fluorescence indicates the presence of the bound P. acnes 23S rRNA gene probe. Healthy tissue contains no bound probe, while
diseased tissue contains bound eubacterial 16S rRNA and P. acnes 23S rRNA gene probes. For all three panels, the anatomical location is indicated as follows: Int,
intima; Med, media; and Adv, adventitia.
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infecting biofilms in 4 of 5 atherosclerotic carotid arteries, that its
involvement was typically associated with damaged tissue, and
that it could be located throughout the media and into the adven-
titia. Our observations also demonstrated that P. acnes is often
associated with other, unidentified eubacteria in polymicrobial
biofilms.

Iron-induced P. acnes hdn-1 and VP1 biofilm dispersion.
One of the principal concerns regarding the presence of biofilm
bacteria within the walls of diseased atherosclerotic carotid arter-
ies is whether these bacteria have the potential to play a role in the
stability of the arterial lesion. Biofilm dispersion events are crucial
to the biofilm life cycle, because dispersion allows bacteria to es-
cape overcrowding and to colonize new locations within a host. In
order for bacteria to become released from their attachments
within a biofilm matrix, dispersion events must presumably be
coordinated with the release of extracellular degradative enzymes
(23–28). We postulate that these enzymes have the potential to
cause collateral damage to the surrounding host tissues and may
possibly contribute to arterial rupture. Our previous work showed
P. aeruginosa biofilms to be involved in carotid arterial plaque
deposits, which could be induced to disperse when challenged
with free iron in laboratory-grown cultures (13). In the current
work, we observed 4 of 5 atheromas to bind the P. acnes 23S rRNA
gene probe in a manner characteristic of biofilm colonization, and
we wished to determine whether biofilms formed by P. acnes could
also undergo a dispersion response when exposed in vitro to a
sudden increase in Fe2�. To test if this phenomenon was possible,

we grew mature biofilms of P. acnes VP1, added FeSO4 to the
medium on the 7th day of growth, incubated the biofilms for 1 h,
and measured the bacteria released from the biofilms via the
OD595. As shown in Fig. 4A, statistically significant biofilm disper-
sion was induced in P. acnes strain VP1 when 0.1 mM or 0.5 mM
Fe was added to the medium (n � 3; P � 0.01). In control exper-
iments with VP1, addition of 1.0 mM free iron did not result in
detectable population growth over a period of 1.5 h, indicating
that the increased OD measured in the dispersion experiments
was not the result of population growth over the time interval of
the experiment due to additional iron.

We next wished to determine whether P. acnes VP1 and hdn-1
biofilms could undergo a dispersion response through the inter-
action of norepinephrine with holo-transferrin at physiologically
relevant concentrations, as shown in our previous work (13). Ma-
ture P. acnes VP1 biofilms were grown in the presence of holo-
transferrin (0.5 g/liter) and were challenged with a spike of nor-
epinephrine (0.4 mM) on the 7th day of growth. Bacteria released
from the biofilms were measured via the OD595 and via serial
dilution followed by plating to determine the number of CFU per
milliliter of released bacteria. Both measurement methods dem-
onstrated that a significant dispersion event resulting in the release
of viable cells had occurred (n � 4; P � 0.01) (Fig. 4B). This
dispersion assay was repeated for mature P. acnes hdn-1 biofilms,
which were demonstrated to undergo a significant dispersion
event when challenged with 0.4 mM norepinephrine in the pres-
ence of iron-bound transferrin as well (n � 3; P � 0.05) (Fig. 4C).

FIG 4 P. acnes VP1 and hdn-1 biofilm dispersion assays. Bars on all graphs represent cells released from biofilms following treatment. (A) P. acnes VP1 biofilms
grown in 12-well plates challenged with 0.1 and 0.5 mM iron following 7 days of growth (n � 3; P � 0.01). (B) P. acnes VP1 biofilms challenged with 0.4 mM
norepinephrine (NE) following 7 days of growth in the presence of 0.5 g/liter of holo-transferrin (Tf) (n � 4; P � 0.01). (C) P. acnes hdn-1 biofilms challenged
with 0.4 mM NE in the presence of 0.5 g/liter of Tf after 7 days of growth (n � 3; P � 0.05). (D) P. acnes VP1 biofilms challenged with either 0.5 g/liter of Tf, 0.4
mM NE, or 0.4 mM NE in the presence of 0.5 g/liter Tf after 7 days of growth (n � 48; P � 0.01). For all graphs, error bars represent �1 standard deviation. *,
statistically significant.
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As a control, mature P. acnes VP1 biofilms were subjected to an
increase in holo-transferrin and norepinephrine alone. As shown
in Fig. 4D, either agent alone did not induce a dispersion event;
however, when the agents were combined, a significant increase in
bacterial cells (measured via the OD) was recorded (n � 38; P �
0.01) (Fig. 4D).

Increased lipase and protease activities after iron-induced P.
acnes dispersion. Once it was established that dispersion was in-
ducible due to an increase in the concentration of free iron, we
wanted to assess what was occurring during this dispersion event
in relation to the enzymes released from P. acnes biofilm cells. Due
to the findings of Gribbon et al., who demonstrated in vivo that the
production of free fatty acids from lipases released by P. acnes
assisted in the bacterium’s adherence to and colonization of the
skin (35), we wished to determine if lipase activity was affected by
the dispersion response. Additionally, protease activity was exam-
ined to assess any extracellular proteolytic activity changes due to
iron-induced biofilm dispersion. In order to test this, supernatant
liquids from iron-induced and uninduced 8-day-old P. acnes bio-
films were collected, and activity was assessed. The volume of agar
cleared of the appropriate substrate was measured from the areas
cleared by bacterial cell-free supernatant liquids diffusing from
wells punched into tributyrin or milk agar (see Fig. S1 in the sup-
plemental material). As shown in Fig. 5A, the volume of clearing

in tributyrin agar for iron-induced P. acnes biofilm dispersion was
7.0947 mm3 larger than the volume of clearing for uninduced P.
acnes biofilms, indicating an increased level of lipase activity for
dispersed P. acnes biofilms (n � 3; P � 0.05). Additionally, as
shown in Fig. 5B, the volume of clearing in milk agar was 4.3849
mm3 larger than the volume of clearing for uninduced P. acnes
biofilms, demonstrating a difference in protease activity for iron-
induced dispersed P. acnes biofilms (n � 3; P � 0.01). For both
lipase and protease assays, the wells contained 160 �l of resus-
pended supernatant from biofilm cultures of 4.4 � 107 CFU/ml,
and data were analyzed using ImageJ software.

mRNA levels of lipases and hyaluronate lyase after iron-in-
duced P. acnes dispersion. Once an increase in lipase activity was
observed, we wanted to see if we could measure an upregulation of
mRNAs for lipase genes common to P. acnes. We additionally
wanted to look at the mRNA levels of hyaluronate lyase (36) be-
cause of the potential harmful effects of this enzyme within the
atherosclerotic arterial environment. In order to determine
whether mRNA levels for certain lipases (PPA1035, PPA1761,
PPA1796, and PPA2105) and hyaluronate lyase (PPA380) were
affected by iron-induced dispersion, 8-day-old P. acnes biofilms
were challenged with 0.5 mM iron and compared to control bio-
films that were challenged with carrier alone. The primers used for
qPCR are described in Fig. 6A. Following dispersion, we observed
a �2-fold increase in mRNA expression for PPA380 (log2 expres-
sion level � 0.449) and PPA1796 (log2 expression level � 0.821)
(Fig. 6B), while the PPA2105 lipase showed a 	2-fold increase in
mRNA expression level (1.005 after log2 transformation). Both
PPA1035 and PPA1761 were unaffected by iron-induced P. acnes
dispersion.

DISCUSSION

A common concern regarding the use of molecular approaches to
provide evidence of bacteria in arterial plaque samples has been
that these techniques do not prove the existence of viable micro-
organisms. To date, few studies have been able to link the presence
of bacterial 16S rRNA gene biomarkers to recoverable infecting
bacteria within an atherosclerotic lesion (37–39). In the current
study, we used both molecular approaches and cultivation on ar-
tificial medium to demonstrate the presence of viable bacteria
within carotid arterial plaque deposits. Previously, we showed that
the bacterial 16S rRNA gene demonstrated the presence of micro-
colonies within arterial plaque deposits and concluded that this
was representative of the biofilm mode of growth (13, 34). In the
current study, we observed that five of five patient samples from
group C contained FISH probe targets arranged in aggregates typ-
ical of bacterial cells within biofilm microcolonies and that the
structure and architecture of these met the Parsek and Singh cri-
teria for biofilm growth, although we obtained no information
from patients regarding antibiotic treatment (13, 34). When the
microcolonies were examined by FISH probing, we observed that
they included both P. acnes and non-P. acnes eubacterial probe
targets. From additional samples (group B), we were able to re-
cover 10 different taxonomic groups of bacteria (including P. ac-
nes) and to grow them on artificial medium. Many of the bacteria
recovered in culture from atherosclerotic carotid arteries in this
study are also known to occupy other locations in the host: Rothia
mucilaginosa, Rothia sp., Enterococcus faecalis, and Streptococcus
parasanguinis are also found in the oral cavity, Staphylococcus sci-
uri, Propionibacterium acnes, and Staphylococcus epidermidis are

FIG 5 Lipase and protease activities in cultures of P. acnes biofilms induced to
disperse by addition of free iron. (A) Average volume of clearing in tributyrin
agar exposed to protein extracts of 8-day-old P. acnes biofilms induced to
disperse by challenge with free iron compared to that in tributyrin agar ex-
posed to protein extracts from uninduced biofilms. (B) Average volume of
clearing in milk agar exposed to protein extracts of 8-day-old P. acnes biofilms
induced to disperse by challenge with free iron compared to that in milk agar
exposed to protein extracts from uninduced biofilms. Error bars represent �1
standard deviation. *, statistically significant (n � 3; P � 0.05).
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also associated with the skin, and Enterococcus faecalis is also
found in the gastrointestinal tract (14, 40–45). These viability data
paired with our FISH probe results demonstrated that biofilms
within carotid arterial plaque lesions contained viable bacteria
that were, at least in some cases, polymicrobial infections. This has
important implications for considering treatment strategies for
the management of atherosclerosis.

While identifying the presence of viable multispecies biofilms
in atherosclerotic carotid arteries is relevant to understanding the
components of the disease, what is more important is to under-
stand the impact of these biofilms on the pathogenesis of athero-
sclerosis. A significant physiological attribute of biofilm bacteria is
their ability to undergo a coordinated dispersion event, releasing
bacteria from the confines of the biofilm matrix into the sur-
rounding environment. We believe that biofilm dispersion is nec-
essary in order to enable the thinning out of existing and over-
crowded microcolonies and to allow the colonization of new
locations (46). Our previous work demonstrated that the Gram-
negative bacterium Pseudomonas aeruginosa undergoes a biofilm
dispersion event when challenged with increased levels of the hor-
mone norepinephrine in the presence of iron-bound transferrin.
Recently, norepinephrine was shown to interact in serum with the
iron transport protein transferrin, causing transferrin to release its
bound ferric iron into the environment as ferrous iron (47). Our
findings demonstrated that P. aeruginosa biofilms dispersed in
response to increased levels of iron but not norepinephrine or
iron-bound transferrin alone (13). The present study demon-
strated that the Gram-positive bacterium P. acnes can also be in-

duced to undergo biofilm dispersion in response to an increase in
the concentration of free iron in its environment due to the inter-
action of norepinephrine and iron-bound transferrin. Thus, both
Gram-negative and Gram-positive bacteria can be induced to un-
dergo biofilm dispersion via the same inducer, an observation that
implies that multispecies biofilms could likewise be dispersion
inducible in the presence of iron (an unpublished phenomenon
we have observed in our laboratory). The observation that a cate-
cholamine hormone, such as norepinephrine, can induce biofilm
dispersion via interaction with transferrin is relevant because both
norepinephrine and transferrin have the potential of interacting
within the blood system of patients with advanced atherosclerosis.
It is potentially significant that these interactions may have an
impact on the stability of the biofilms located proximal to the
fibrous cap of atherosclerotic lesions. It is intriguing that physical
or emotional stress has been linked to both increased levels of
norepinephrine (48) and an increased incidence of myocardial
infarction, or heart attack (49, 50). The observation that both
Gram-negative and Gram-positive bacteria respond to norepi-
nephrine-mediated biofilm dispersion provides one additional
piece of information that may link stress to heart attack and
stroke. Conclusions based upon this observation must, however,
be tempered by the limitation that, to date, these experiments have
been performed only in vitro, not in an actual infected carotid
artery. We cannot therefore conclude that a similar process occurs
in the human host, only that the mechanism that can lead to dis-
persion has the potential to occur as the result of an increase in the
concentration of norepinephrine in the presence of transferrin

FIG 6 qPCR primers and mRNA levels of virulence factors produced by P. acnes biofilms challenged with an elevated concentration of free iron following 8 days
of growth. (A) Primers used for qPCR analysis of P. acnes virulence factors. (B) mRNA levels in 8-day-old biofilms of P. acnes VP1 challenged with 0.5 mM iron
for 50 min. Expression levels are compared to those in untreated 8-day-old P. acnes biofilms. Error bars represent �1 standard deviation. *, statistically
significant. All experiments were performed in triplicate.
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and P. acnes. At present, it is unclear whether norepinephrine can
result in a sufficient increase in free iron within the carotid arterial
wall to be able to induce P. acnes to disperse, and it is also unclear
whether the complex biology of the diseased carotid artery may
have the ability to inhibit this response.

Biofilm dispersion events have been observed to be coordi-
nated with the release of degradative enzymes by bacteria, which
will break down the extracellular matrix (ECM), allowing individ-
ual cells to escape and a switch to higher growth rates (23–25, 27,
28, 51). The results from this study show that when P. acnes un-
dergoes an iron-induced dispersion event, a statistically signifi-
cant upregulation of the mRNA transcript for the PPA2105 lipase
occurs, as do increased extracellular lipase and protease activities.
PPA2105 is a secreted triacylglycerol lipase that cleaves the bonds
between the fatty acid side chains and glycerol. Triacylglycerols are
blood lipids used for both adipose and glucose transportation
(52), and cleavage of the triacylglycerol results in the accumula-
tion of free fatty acids (FFAs), which have been found to stimulate
inflammation (53, 54). These FFAs have also been shown by Grib-
bon et al. (35) to increase the adhesion of P. acnes bacterial cells
within the sebaceous follicle to promote colonization. Biofilm dis-
persion events often lead to downstream biofilm colonization by
the newly liberated planktonic bacteria, which begins with the
attachment of the released planktonic cells to uninhabited sur-
faces. The presence of PPA2105 could result in the production of
FFAs within the atherosclerotic carotid artery, further propagat-
ing colonization by P. acnes biofilms while simultaneously insti-
gating an inflammatory response. It is interesting that findings
by Stampfer et al. found a direct correlation to heightened
levels of triacylglycerol in the blood of patients who suffered
myocardial infarction (52). The higher levels of triacylglycerol
in the blood could result in more substrate being available for
the lipases, resulting in increased production of FFAs and po-
tentially increased incidences of inflammation and P. acnes col-
onization.

When the progression of atherosclerosis is assessed, the host
immune system should always be taken into account. In a study
conducted by van Leeuwen et al., the involvement and location
of neutrophils within atherosclerotic low-density lipoprotein
receptor-defective (LDLR�/�) mice were assessed, with neu-
trophils shown to be present in intermediate- and advanced-
stage lesions but absent from early-stage lesions (55). In a sep-
arate study, Lee et al. used a modified Boyden chemotactic
chamber to demonstrate that lipases released by P. acnes acted
as a chemoattractant for human neutrophils (56). The neutrophils
shown by van Leeuwen et al. to be present within the LDLR�/�

mice produced myeloperoxidase, which can contribute to lipid
peroxidation and potentially damage tissues surrounding an ath-
erosclerotic lesion (55, 57). Recruitment of neutrophils is likely
enhanced by the release of lipases if P. acnes iron-induced disper-
sion events occur within an atherosclerotic lesion, contributing to
tissue damage.

Coenye et al. demonstrated that P. acnes biofilms have in-
creased lipase activity compared to that of planktonic P. acnes
(54). We also observed lipolytic activity from P. acnes biofilms, but
this was shown to increase along with proteolytic enzyme activity
following challenge of these biofilms with free iron. These obser-
vations indicate that while dispersion resulted in the release of
elevated levels of extracellular enzymes by P. acnes, collateral dam-
age to the surrounding host tissues by nondispersing biofilms res-

ident within atherosclerotic lesions may also have the potential to
occur.

The findings of the present study suggest a new perspective on
the pathogenesis of atherosclerosis and carotid arterial plaque sta-
bility. We believe from the current work and our previous work
with carotid arterial tissue samples that polymicrobial biofilm in-
fections play an integral role in atherosclerosis. Our findings fur-
ther suggest that plaque-associated bacterial biofilms have the ca-
pability to respond to the host hormonal state and have the
potential to affect local tissues through the release of lytic extra-
cellular enzymes. Proteases and lipases could directly affect arte-
rial tissues and stimulate the recruitment of host immune cells,
resulting in further tissue damage. We hypothesize that the poten-
tial for tissue damage due to the activity of P. acnes and other
bacteria associated with atherosclerotic plaques may play a role in
influencing the stability of these lesions and contribute to plaque
rupture and atherogenesis.
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