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Compounds from 16 classes of antimicrobial drugs were tested for their abilities to inhibit the in vitro
multiplication of nanobacteria (NB), a newly discovered infectious agent found in human kidney stones and
kidney cyst fluids from patients with polycystic kidney disease (PKD). Because NB form surface calcifications
at physiologic levels of calcium and phosphate, they have been hypothesized to mediate the formation of tissue
calcifications. We describe a modified microdilution inhibitory test that accommodates the unique growth
conditions and long multiplication times of NB. This modified microdilution method included inoculation of
96-well plates and determination of inhibition by periodic measurement of the absorbance for 14 days in cell
culture medium under cell culture conditions. Bactericidal or bacteriostatic drug effects were distinguished by
subsequent subculture in drug-free media and monitoring for increasing absorbance. NB isolated from fetal
bovine serum (FBS) were inhibited by tetracycline HCI, nitrofurantoin, trimethoprim, trimethoprim-sulfame-
thoxazole, and ampicillin at levels achievable in serum and urine; all drugs except ampicillin were cidal.
Tetracycline also inhibited multiplication of isolates of NB from human kidney stones and kidney cyst fluids
from patients with PKD. The other antibiotics tested against FBS-derived NB either had no effect or exhibited
an inhibitory concentration above clinically achievable levels; the aminoglycosides and vancomycin were
bacteriostatic. Antibiotic-induced morphological changes to NB were observed by electron microscopy.
Bisphosphonates, aminocaproic acid, potassium citrate-citric acid solutions, and 5-fluorouracil also inhibited
the multiplication of NB in a cidal manner. Insights into the nature of NB, the action(s) of these drugs, and

the role of NB in calcifying diseases may be gained by exploiting this in vitro inhibition test system.

Are the soft tissue calcifications observed in patients with
several important chronic diseases (e.g., atherosclerosis, Alz-
heimer’s disease, and some cancers and dementias) caused by
infectious agents (9)? There are hypotheses that microbes con-
tribute to pathological tissue calcifications (29-32, 72) and,
conversely, that microbes contribute to the fundamental patho-
genesis of many chronic diseases, including those in which
calcifications are evident (10). Biological apatites are present
in the mineral phases of normal and pathological calcifications
(63). The stimuli for calcium salt deposition in patients with
these conditions are unclear, but nidi for precipitation and
crystallization are needed even under supersaturation condi-
tions (9). In this regard, antibiotics (27, 70, 74), bisphospho-
nates (5, 8, 20, 28, 38-40, 60), citrate (12), and other chemo-
therapeutics (5, 37) have been used with some success for the
treatment of pathological calcification-related diseases. The
inhibitory effects of antibiotics on the calcifications of surgi-
cally implanted artificial materials have also been shown (11).
Are the effects of these drugs due to their commonly known
primary mechanisms of antimicrobial action or to lesser known
or even new modes of action, such as chelation or anti-inflam-
matory activities (10)?

We have recently isolated an infectious agent, nanobacteria
(NB), that calcify (i.e., form apatite) under physiologic condi-
tions (4, 46, 47-49, 53). NB cytotoxic to fibroblasts in vitro (15)
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were isolated from human (17) and bovine (51, 52) sera, kidney
cyst fluids from patients with polycystic kidney disease (PKD)
(45), demineralized kidney stone extracts (13, 48), and sclerotic
carotid arteries and the aorta of a human at autopsy (L. Pus-
kas, L.Tiszlavicz, L. Torday, and J. Papp, unpublished obser-
vations). In a small study, Garcia Cuerpo et al. (34) found that
translumbar, percutaneous intrarenal injection of NB into rats
resulted in kidney stone formation. Others have reported NB
by our methods in environmental waters (S. Burton and H. M.
Lappin-Scott, Abstr. 100th Gen. Meet. Am. Soc. Microbiol.,
abstr. R19, 2000). Despite the duplication of our findings all or
in part in several laboratories (6, 19, 34, 75), NB remain con-
troversial entities due in part to their novel properties: small
size (diameters, 0.1 to 0.5 wm), slow growth (replication times,
1 to 3 days), atypical morphology, apatite coat, and resistance
to extraction of their component parts by conventional meth-
ods. For example, Cisar et al. (19) have reported that crystals
formed under supersaturating conditions were capable of self-
replication and concluded that NB probably do not exist. Un-
fortunately, they did not control for contamination with NB or
the presence of microbial components in their reagents, nor
did they seek control cultures of NB or the best available
reagents specific for NB for use in their experiments. While
nonbiogenic apatite is not immunogenic and thus is useful in
support materials in orthopedics and dentistry, infection with
NB (i.e., biogenic apatite) yields an immune response (E. O.
Kajander and N. Ciftcioglu, unpublished data). As discussed by
Wainwright (80), NB are conceptually related to ultrasmall
microbes in medicine and the environment.

The model for modern infectious disease research is to use
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parallel approaches to efficiently identify risks to human
health. Thus, parallel studies of the biology of NB, the associ-
ation of NB with diseased tissue, causality studies with animals,
and responses to drugs are in keeping with this philosophy. In
this work, our aim was to examine the effects, both by inhibi-
tion and by morphology analyses, of an array of antibiotics and
other drugs on NB in vitro and thereby gain insights into the
biology of NB and potential mechanisms of action in our test
system. To accomplish this goal, we developed a first-genera-
tion inhibition test relevant to the slowly multiplying, calcifer-
ous nature of NB.

MATERIALS AND METHODS

Cultures of NB. The test isolate of NB used in this study, designated Seralab
901045 (Seralab, Crawley Down, United Kingdom) was obtained by culturing
pooled fetal bovine serum (FBS) in Dulbecco’s modified Eagle’s medium
(DMEM,; Life Technologies, Grand Island, N.Y.) containing FBS at a final
concentration of 10% and 1 mmol of glutamine per liter, as described previously
(15, 57). FBS-derived NB have been deposited in the German Collection of
Microorganisms, Braunschweig, Germany, under accession nos. 5819 to 5821
(48). By negative staining, the sizes of the electron-dense particles of NB ranged
from 0.2 to 0.3 wm up to 0.5 um after 1 month in culture. They appear coccoid-
coccobacillary in shape, either as single particles, in short chains, or predomi-
nantly as clusters. Needle-like apatite crystals are observed on their surfaces by
transmission electron microscopy (TEM) (48). A biofilm surrounds NB, as evi-
denced by positive staining with safranin O by the method of Fessia and Griffin
(32). Chemical analysis showed that by dry weight a pellet of NB consists of
~25% calcium and ~14% phosphate, compatible with hydroxyapatite by energy-
dispersive X-ray microanalysis (48). NB are positive by the Limulus amoebocyte
lysate assay (45).

Culturing was conducted by using strict aseptic techniques in a cell culture
facility with incubation at 37°C in humidified 5% CO,-95% air. Subcultures were
made by passing a small inoculum (1/10 of an old culture) into fresh DMEM
supplemented with 10% of either the same serum or gamma-irradiated (30 kGy)
FBS (Tamro, Ilomantsi, Finland; a similar product can be obtained from Life
Technologies). The culture of NB used to test inhibitory activities was incubated
for 3 weeks prior to use. The absence of classical microbes in cultures of NB was
confirmed by subculturing 200- .l aliquots onto sheep blood agar and aerobic and
anaerobic incubation at 37°C; samples were also examined by TEM. Culture
material was stained with Hoechst 33258 fluorochrome DNA stain (Sigma
Chemical Co., St. Louis, Mo.) as described earlier (58). Positive identification of
NB included typical growth in cell culture medium with a doubling time of 1 to
3 days, characteristic morphology by scanning electron microscopy (SEM) or
TEM and measurement of the absorbance at 650 nm (16, 18, 48), specific
staining with Hoechst fluorochrome with the high (5-ug/ml) concentration (57),
and positive immunofluorescence staining with specific monoclonal anti-NB an-
tibodies 8/0 (porin protein epitope) and 5/2 (carbohydrate peptidoglycan
epitope) (48). For selected inhibitory tests, two isolates of NB were obtained
from human kidney stones (13) and one was obtained from the renal cyst fluid of
a 23-year-old Finnish patient with advanced PKD (45).

Antimicrobials and drugs. Antimicrobials were supplied as laboratory-grade
powders of known potency, as follows: tetracycline HCI, doxycycline, rifampin,
clarithromycin, trimethoprim, pyrazinamide, ampicillin, penicillin, and vancomy-
cin were obtained from Orion (Espoo, Finland); ciprofloxacin was obtained from
Bayer AG (Leverkusen, Germany); trimethoprim-sulfamethoxazole was ob-
tained from Grunenthal (Stolberg, Germany); nitrofurantoin was obtained from
Leiras (Helsinki, Finland); cephalothin was obtained from Eli Lilly (Copenha-
gen, Denmark); polymyxin B was obtained from Alcon Finland OY (Vantaa,
Finland); clindamycin was obtained from Pharmacia-Upjohn (Vantaa, Finland);
and commercial powders of spectinomycin, erythromycin, lincomycin, ethambu-
tol, and chloramphenicol and sterile solutions of gentamicin, neomycin, kana-
mycin, and streptomycin were obtained from Sigma. Most antimicrobials were
dissolved in DMEM to give a final concentration of 1 mg/ml and sterilized by
membrane filtration (pore size, 0.2 wm; Millipore Corp., Bedford, Mass.). Eryth-
romycin and clarithromycin were dissolved in 10% (vol/vol) aqueous ethanol and
the solution was then made up to volume with DMEM before filter sterilization.
Antimicrobial dilutions were prepared just prior to use in sterile plastic vials at
double the required concentration in DMEM containing 10% gamma-irradiated
FBS to allow 1:1 dilution of the inoculum of NB in MIC tests. The isolates of NB
were tested against each antimicrobial at concentrations ranging from 500 to 0.48
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wg/ml. Additionally, the following drugs were tested by using the same medium,
supplements, and dilution series described above: two calcium inhibitors, the
bisphosphonates dinatriumethidronate (etidronate; Roche Laboratories, Nutley,
N.J.) and dinatriumclodronate (clodronate; Leiras, Helsinki, Finland); aspirin
(Bayer); and p-aminosalicylic acid (PAS), lactic acid, pyruvate, acetic acid, formic
acid, 6-aminocaproic acid, and 5-fluorouracil (5-FU) (all of which were supplied
by Sigma). The potassium citrate-citric acid solution was prepared as described
by Tanner (73). The American Type Culture Collection (ATCC) quality control
strains used in standard susceptibility tests were not tested due to the lack of
comparability of tests with those strains to the growth conditions used and the
medium required for the testing of NB and the unique properties imparted by
the calcium apatite coat of NB.

MIC and minimal bactericidal concentration (MBC) testing. Inhibitory tests
were performed in 96-well, flat-bottom cell culture plates by a modification of the
method for mycoplasmas described by Hannan (41), which involved (i) a longer
incubation period, (ii) drug dilutions from 500 to 0.48 pg/ml, and (iii) absorbance
measurements at multiple time points. DMEM containing 10% gamma-irradi-
ated FBS was used as the culture medium in the tests and for preparation of
dilutions of NB and test compounds. After completion of the twofold serial
dilutions for each compound, 100 pl of a suspension of the culture of NB with a
turbidity equivalent to that of a 0.5 McFarland standard (optical density at 650
nm, 0.020) was added to each well in the microtiter plate. All compounds and
each serial dilution were tested in triplicate; the duplicate experiments were run
on different days. Each plate also contained four wells of uninoculated medium,
which served as the sterility control; four inoculated wells of NB, devoid of any
drug, were used as the growth controls. The plates were incubated at 37°C in a
humidified atmosphere of 5% CO,-95% air for a maximum of 14 days. Growth
was monitored on days 0, 4, 8, 12, and 14 by measuring the absorbance at 650 nm.
Prior to absorbance measurement, the plate lid was warmed with a preheated
metal plate to eliminate condensation on the lid. Growth curves with standard
deviations were determined for each drug treatment. The growth of NB from
positive growth control wells was confirmed by Hoechst staining and with an-
ti-NB monoclonal antibodies as described earlier (15).

In an attempt to quantify indirectly the influences of the drugs on the slowly
multiplying NB, an absorbance of 28 *+ 3 for the positive growth control on day
4 was used as the reference point for establishing growth or no growth for each
test compound. The National Committee for Clinical Laboratory Standards
(NCCLS) has no information on susceptibility methods or recommendations for
culture medium for the growth of NB (61). NB are positive by the Limulus
amoebocyte lysate assay (45); thus, inhibition or noninhibition of the growth of
NB was determined by using concentrations equivalent to the breakpoints es-
tablished by the NCCLS for members of the family Enterobacteriaceae. None of
the values have been validated for NB. Growth and inhibition curves for NB were
determined for each drug treatment. Growth of NB from positive growth control
wells was confirmed by Hoechst staining and with anti-NB monoclonal antibod-
ies as described earlier (15).

The bactericidal or bacteriostatic effects of the drugs were determined. The
drug-treated cultures of NB were subcultured (volume, 10 pl) into antibiotic-free
medium (190 pl; 1/20 dilution) and incubated for 14 days. Each positive and
negative control was handled in the same manner. When a subculture was
negative for growth for any antibiotic or drug, the compound was classified as
“NB-cidal”; if there was detectable growth as determined by a continuous in-
crease in absorbance greater than that for the negative control, the compound
was considered “NB-static.”

The effect of tetracycline HCI on the isolates of NB from two kidney stones
and one cyst fluid sample from a patient with PKD (45) was determined by using
the inhibitory test method described above. The growth was monitored weekly by
measuring the absorbance at 650 nm for 2 weeks, on days 0, 7, and 14.

B-Lactamase testing. Detection of B-lactamase was done by the chromogenic
cephalosporin (Glaxo Pharmaceutical identification number 87/312) test devel-
oped by O’Callaghan et al. (62) by adding the solution directly into prepared
cultures of NB or adding prepared culture material to a filter paper disk for
evaluation by the diffusion technique (59). Reagents and test assays were those
described by the manufacturer (Becton Dickinson Diagnostic Systems, Sparks,
Md.) Two sample preparation methods were used. In the first one, 1 ml of a
culture of NB was harvested after 30 days of incubation and centrifuged at
14,000 X g for 1 h, the supernatant was removed (and retained for later testing),
and the pellet was washed three times with phosphate-buffered saline (PBS; pH
7.4) to remove the residual FBS in the culture medium. The pellet was resus-
pended in 100 pl of PBS. The second preparation method was performed as
described above, but prior to testing, the cells were treated with a final concen-
tration of 100 mM EGTA in PBS for 1 h in a 37°C water bath with vortexing at
15-min intervals. This was done to remove the calcium coat, as NB are not very
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TABLE 1. MICs and MBCs of selected antibiotics for NB at 14 days of incubation
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Antimicrobial Mode of action Che.laF ion  MIC and MBC
activity” (pg/ml)

Aminoglycosides Protein synthesis (30S, initiation complex and misreading) -

Gentamicin 250

Kanamycin 250

Neomycin 31.2

Streptomycin >500
Aminocyclitol, spectinomycin Protein synthesis — >500
Tetracyclines Protein synthesis (30S; aminoacyl tRNA) +

Tetracycline HCI 1.95°

Doxycycline HCI 62.5°
Chloramphenicol Protein synthesis (peptidyltransferase) — >500
Lincosamides Protein synthesis -

Lincomysin >500
Clindamycin >500
Trimethoprim Protein and DNA synthesis - 3.9

Sulfonamide-trimethoprim Protein and DNA synthesis -
Sulfamethoxazole PABA-“ (dihydropteroate synthetase, dihydrofolic acid reductase) 6.25/1.4°
Trimethoprim

Urinary tract antiseptic, nitrofurantoin Protein and DNA synthesis - 3.9

B-Lactams: penicillins Cell wall (transpeptidation reaction) +
Ampicillin 7.8
Penicillin >500

B-Lactams (cephalosporins), cephalothin  Cell wall (transpeptidation reaction) >500

Macrolides Protein synthesis (50S; aminoacyl translocation) -

Erythromycin >500
Clarithromycin >500

Fluoroquinolone, ciprofloxacin DNA synthesis (DNA gyrase) + >500

Glycopeptide, vancomycin Cell wall mucopeptide synthesis (peptidoglycan synthetase) - 250

Polymyxin, polymyxin B Cell membrane (phosphatidylethanolamine) — >500

Antituberculous agents
Pyrazinamide - >500
Rifampin Initiation of transcription (RNA synthesis, DNA-dependent RNA polymerase) - >500

“ +, chelator; —, nonchelator or unknown.

> The concentration of the antibiotic that was effective as both the MIC and the MBC.

¢ PABA, p-aminobenzoic acid.

labile to sonication. The positive controls were those recommended by the
manufacturer. Testing of the positive control in a test solution containing EGTA
was also done to determine any inhibition by the assay. The presence or absence
of color production was recorded immediately, at 10 min, and after a maximum
of 30 min.

Electron microscopy. For SEM, NB cultured with and without antimicrobials
or drugs were centrifuged at 14,000 X g for 15 min and the supernatant fraction
was removed. The pellets were washed twice with PBS and fixed with 2%
glutaraldehyde in PBS for 16 h. The fixed samples were washed twice with PBS,
dehydrated with increasing ethanol concentrations, and dried with a critical point
dryer. The samples were coated with a gold layer (thickness, 20 to 40 nm) prior
to examination with a JSM-35 scanning electron microscope (JEOL, Tokyo,
Japan) (15). For TEM, negative staining of NB before and after antibiotic
treatment was performed by applying a 10-pl sample of a washed culture of NB
in PBS onto Formvar- and carbon-supported copper grids (57, 67, 75) for 5 min,
followed by removal of excess fluid with filter paper. The samples were then
washed by dipping the grid in a series of 3 droplets of sterile water for injection,
followed by submersion of the grid in a droplet of uranyl acetate for 1 to 2 s. The
grids were air dried and examined by TEM.

RESULTS

Antibiotic inhibitory data. The FBS-derived NB isolate was
susceptible to tetracycline HCI (1.95 wg/ml), nitrofurantoin

(3.9 pg/ml), trimethoprim (3.9 pg/ml), trimethoprim-sulfame-
thoxazole (1.4 to 6.25 pg/ml), and ampicillin (7.8 pg/ml) at
clinically achievable levels in serum or urine (Table 1) in the
14-day test. All antibiotics except ampicillin were NB-cidal;
ampicillin was NB-static. The inhibitory concentration did not
vary between incubation day 8 and incubation day 14 for any of
the antibiotics tested except trimethoprim-sulfamethoxazole
and ampicillin, for which fourfold and twofold increases, re-
spectively, were observed. The data for all other antimicrobials
tested are provided in Table 1. The aminoglycosides and van-
comycin were also NB-static.

Growth curves for selected drugs against NB are depicted in
Fig. 1. For those drugs with inhibitory activities against NB, no
growth was observed throughout the test period, giving curves
similar to that for the negative control. Tetracycline HCI, the
only antibiotic tested against the human kidney stone and cyst
fluid-derived isolates of NB, also inhibited the growth of NB
and was NB-cidal (Fig. 2). For those drugs inactive against NB,
the growth curves were either identical to the curve for the
drug-free control or followed in parallel the curve for normal
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FIG. 1. Growth curves showing the activities of selected antibiotics and drugs (4 pg/ml) against NB. Each drug treatment was plotted against
the positive (drug-free) growth control (@). (A) m, negative control (growth medium only); A, tetracycline; V, nitrofurantoin; <}, etidronate. Note
that the lines for the calcium inhibitor etidronate, tetracycline, and nitrofurantoin are almost identical to that for the negative control. (B) V¥,
ampicillin; O, doxycycline; @, 5-FU. Note the marked difference in inhibition between tetracycline (A) and doxycycline (B). While some initial
minimal growth was exhibited by NB exposed to ampicillin on day 4, there was no significant growth for the duration of the test period. The curve
for 5-FU mimics that for the negative control in panel A. (C) [, gentamicin; ¢, vancomycin. NB exposed to both gentamicin and vancomycin
exhibited a 1- to 2-generation delay in growth compared to the growth control and then resumed growth in a pattern similar to that for the positive

growth control. mAbs, milli-absorbance (1072 A4s,).

growth with a lag period of 1 to 2 generations (1.5 to 3 days).
Inhibition curves for representative drugs active and inactive
against NB are shown in Fig. 3.

B-Lactamase testing. 3-Lactamase was not detected in any
of the sample preparations under any of the test conditions,
even after a maximum of 30 min. The control isolate was
B-lactamase positive for all tests, including tests with the assay
solution containing 100 mM EGTA.

Additional inhibitory data. When 5-FU was present at 4.0
pg/ml, NB multiplication, as determined by measurement of
the absorbance, was inhibited completely (Fig. 1B) and in an
NB-cidal manner. An NB-cidal inhibition of multiplication of
NB was also observed for the bisphosphonates, as shown for
etidronate (Fig. 1A), citrate (data not shown) (45), and 6-ami-
nocaproic acid (data not shown). Dose-dependent inhibition of
NB multiplication was not observed for the other organic acids
(PAS, lactic acid, pyruvate, acetic acid, formic acid, and aspi-
rin) at the dilutions tested (500 to 0.48 pg/ml).

Morphological alterations. The negative control (Fig. 4A)
contained only culture medium and confirmed the absence of
common bacteria and NB under the test conditions used in the
study. Typical electron-dense coccobacillus-shaped NB with
defined borders ranged in size from approximately 150 to 250
nm (Fig. 4B). Neither the morphology nor the size of the NB
varied during the 14-day incubation period. In contrast, NB
treated with the bisphosphonate etidronate (1.0 pg/ml, 7 days)
showed a marked loss of electron density and forms with ir-
regular borders (Fig. 4C).

NB treated with 10 mM EDTA, to diminish the mineral
content, revealed coccoid forms virtually devoid of the apatite
coat (Fig. 4D and E) in comparison to untreated NB (Fig. 4B).
Evidence of cellular components was present, such as mem-
branelike structures and a septum (Fig. 4D). Both a septumlike
area, compatible with binary fission, and evidence of possible
budding are also evident in Fig. 4E. Neither NB nor remnants

were observed after 7 days of exposure to EDTA. For size and
shape comparison, Staphylococcus aureus ATCC 25923 was
negatively stained by the same procedure after 24 h of incu-
bation in tryptic soy broth (Difco, Detroit, Mich.). Uniform
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FIG. 2. Growth curves showing the activities of tetracycline against
isolates of NB from two human kidney stones and one cyst fluid
specimen from a patient with PKD. Data for the drug-treated isolates
from humans were plotted against those for the positive (drug-free)
growth control. Positive growth controls consisted of kidney stone
isolates 1 (@) and 2 (m) and an isolate from cyst fluid from a patient
with PKD (A). Curves for kidney stone isolates 1 (O) and 2 ((J) and the
cyst fluid isolate (A) treated with 4 pg of tetracycline per ml for 14 days
are also shown. The three human isolates of NB were inhibited by
tetracycline at 4 pg/ml to the same degree that the test isolate of NB
was (Fig 1A). In the absence of antibiotic, growth curves for these
three human-derived isolates of NB resembled that for the positive
growth control shown in Fig. 1A. mAbs, milli-absorbance (1073 A4s).
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FIG. 3. Dose-inhibition curves for selected antibiotics against NB.
The dashed line represents the curve for positive growth control NB.
A, is tetracycline; V, nitrofurantoin; O, doxycycline; m, vancomycin; @,
gentamicin. The negative control is that represented in Fig. 1A. Both
tetracycline and nitrofurantoin caused sharp declines in growth until
the MIC was reached, with no further growth as the antibiotic con-
centrations increased. For doxycycline virtually no inhibition was ob-
served until its MIC (62.5 pg/ml) was reached. Vancomycin and gen-
tamicin showed an initial loss of absorbance versus concentration, but
this was not sustained over a range of concentrations well above their
achievable levels in serum. mAbs, milli-absorbance (1072 As,).

cocci of typical size (~500 nm) were observed, and division
planes were visible (Fig. 4F).

After 1 day of exposure to tetracycline HCI at 0.5 and 4.0
pg/ml, a concentration-dependent loss of electron density and
a progression in the irregularity of the borders of the NB were
observed (Fig. 4G and H, respectively). The loss of electron
density is consistent with a loss of calcium. At the higher
concentration the NB appeared more ovoid and ghostlike (Fig.
4H). By day 7, there was also a marked reduction (~90%) in
the number of NB as the antibiotic concentration increased
(data not shown). Similar morphological findings were re-
corded for NB exposed to nitrofurantoin, in which, as the
concentration increased, the cells of the NB enlarged.

On day 1, the results of exposure of the NB to 15.6 pg of
ampicillin per ml (Fig. 4K) were representative of the expo-
sures to all concentrations examined from 0.48 through 15.6
pg/ml. NB exhibited various alterations ranging from almost a
complete loss of electron density, a loss of defined borders, and
clumping. On day 7 after exposure to ampicillin at 15.6 pg/ml
(Fig. 4L), the NB appeared similar to the NB as they appeared
on day 7 after they had been exposed to tetracycline, in which
there was a predominance of amorphous material and con-
glomerates of fused NB devoid of the characteristic morphol-
ogy. There was also an abundance of undefined background
debris.

Figure 5 shows TEM micrographs of negatively stained NB
and SEM micrographs of NB for NB exposed to gentamicin
(500 pg/ml, day 14) and control NB. Although growth was
ultimately not inhibited by gentamicin (Fig. 1C), a change in
the putative biofilm of NB was observed. The control NB used
for both TEM and SEM (Fig. 5B and D) were more clumped;
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negative staining for TEM revealed numerous slimelike
bridges of various thicknesses between the NB (Fig. 5B). Gen-
tamicin-treated NB were markedly less clumped, with fewer
slimelike bridges than the control NB (Fig. 5SA and C).

DISCUSSION

This report focuses on the effects of drugs on the growth and
morphology of NB within the larger context of microbes as
provocateurs of soft tissue calcifications, lesions that occur in a
surprisingly wide array of important diseases (9). When drugs
altered the morphology of NB there was a loss of (i) electron
density, (ii) coccobacillary shape, and (iii) defined borders.
Exceptions were enlarged NB observed with nitrofurantoin
and the amorphous debris and paucity of residual NB observed
with inhibitory concentrations of tetracycline and ampicillin.
The relatedness, if any, of the findings for this test system for
the detection of inhibition of NB to the reported drug-induced
effects on the viability and morphology of classical bacteria and
fungi is yet to be determined (25, 58, 82).

Regarding the test system for detection of the inhibition of
NB described here, our earlier investigations showed that NB
reach the log period of multiplication within a month if the
Agsp of the initial inoculum density was lower than 20 (turbidity
equivalent to that of a 0.5 McFarland standard). The inoculum
density of the NB used in this inhibitory test allowed us to
obtain logarithmic growth over the 14-day test period. Previous
work also demonstrated that the absorbance of NB grown in
the presence of FBS is due to an increase in the number of NB
and not an increase in the mass of each NB particle (16). In the
present study, TEM of the negative control (Fig. 4B and 5B)
showed no evidence of protein precipitation or classical crystal
formation (56), thus discounting these factors as being respon-
sible for the changes in absorbance. Furthermore, if protein
precipitation had occurred, an increase in absorbance of the
negative control (DMEM plus 10% gamma-irradiated FBS)
should have occurred. Use of absorbance to monitor the
growth of NB is preferred because NB can exhibit clumping,
making particle counting by flow cytometry unreliable and
SEM laborious.

In this study, NB (Seralab 901045) was inhibited in vitro at
clinically achievable levels in serum and urine (36) by ampicil-
lin, trimethoprim, trimethoprim-sulfamethoxazole, nitrofuran-
toin (a urinary antiseptic), and tetracycline HCIL It is com-
monly known that ampicillin inhibits bacterial cell wall
synthesis, but like some other penicillins, it is also a calcium
chelator (22, 64). The inhibition by ampicillin may also have
been influenced by the lack of detectable B-lactamase in NB
and the somewhat zwitterionic nature of ampicillin that en-
ables it to penetrate the cell walls of gram-negative bacteria
(55). Trimethoprim, trimethoprim-sulfamethoxazole, and ni-
trofurantoin are reported to inhibit protein and DNA synthe-
ses; we did not find reports of calcium chelation activities for
these drugs.

Tetracycline is reported to inhibit bacterial protein synthesis,
chelate calcium, and inhibit metalloproteinases, a property of
potential use in the treatment of osteoarthritis, periodontitis,
and cancer (42). Tetracycline is already used in the treatment
of some periodontal diseases and dental stone formation (69).
NB have been isolated from human dental stones (14). There



2082 QfFTCfOGLU ET AL. ANTIMICROB. AGENTS CHEMOTHER.

FIG. 4. (A) Culture medium only; (B) electron-dense coccobacillary control NB; (C) etidronate-treated NB with a loss of electron density; (D
and E) NB treated with EDTA revealing membrane (arrow labeled m) and septumlike structures (arrows labeled s); possible budding is noted
(arrow labeled b); (F) S. aureus ATCC 25923 compared with treated and untreated NB; division planes are evident (arrows); (G and H) NB treated
with tetracycline HCI at 0.5 and 4 pg/ml, respectively, illustrating the concentration-dependent loss of electron density; an increasing irregularity
of NB borders was observed (arrows); (I and J) NB treated with nitrofurantoin (0.5 and 2.0 pg/ml, respectively) on day 1 demonstrating changes
similar to those observed with tetracycline; the cells also enlarged as the concentration increased (J); (K and L) NB treated with ampicillin (15.6
pg/ml) on day 1 showing changes in morphology similar to those observed with the other drugs on day 7; (L) predominance of amorphous debris,
as was also observed with tetracycline (data not shown). Bars, 200 nm.
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FIG. 5. Gentamicin-treated NB. Negatively stained TEM micrographs of gentamicin-treated (500 pg/ml, day 14) NB (A) and control NB
(B) are shown. Note the larger amount of putative biofilm in the control NB compared to that in the gentamicin-treated NB (arrows). There was
a larger amount of clumping in the control NB (D), but there was less clumping in gentamicin-treated NB (C).

was a difference in the in vitro activity of tetracycline HCl
(MIC, 1.95 pg/ml) and that of doxycycline (MIC, 62.5 pg/ml)
against NB. Although doxycycline is more highly protein
bound and approximately 10 times more lipophilic than tetra-
cycline HCI (23), their activities against NB observed in vitro
correlated with their comparative levels of calcium binding.
The level of chelation of tetracycline to calcium (40%) is re-
ported to be twice that for doxycycline (19%) (79).

The aminoglycosides are primarily known as inhibitors of
protein synthesis, but more recently it has been recognized that
they displace cell biofilm-associated calcium and magnesium
that link polysaccharides of lipopolysaccharide molecules (65).
Gentamicin, kanamycin, and neomycin did not block the mul-
tiplication of NB. However, gentamicin caused a reduction in
the amount of putative biofilm surrounding NB (Fig. 5). NB
are positive by the differential Limulus amoebocyte lysate assay
(45), but the lipopolysaccharide of NB has not been sufficiently
characterized to allow further speculation regarding the ob-
served lack of activity of these antibiotics.

Tests of inhibition of other diverse organisms for up to 21
days have been reported (7, 26, 35, 42, 71). Because the drug
levels in the growth media were not measured throughout the
14-day test period in this study, it was not possible to determine
from the inhibition curves whether a postantibiotic effect or a
sub-MIC (inhibitory) effect occurred (21, 83). The lag in
growth associated with antibiotics inactive against NB (Fig.

1C) could have been due to drug deterioration, an alternate
mode of initial inhibition, an effect of the slow metabolic rate
of NB on the effect of the drug at the target site, poor diffusion
across the apatite shell, development of a resistant mutant(s),
or any combination thereof. There was some minimal initial
growth of NB exposed to tetracycline HCI, nitrofurantoin, and
ampicillin detectable only on day 4, but this was below or did
not exceed the level of growth for the growth control; no
further growth was detected for the remainder of the test
period.

Etidronate and clodronate (bisphosphonates that lack N
moieties), 5-FU, and aminocaproic acid (data not shown) com-
pletely inhibited the growth of NB, giving inhibition curves
nearly identical to the NB-free negative control curve (Fig. 1A
and C). We are unaware of any chelation activity for 5-FU, a
drug known to inhibit DNA and RNA metabolism and pro-
cessing, or aminocaproic acid, an antifibrinolytic drug that
binds to lysine residues on plasmin, thereby blocking access to
its substrate fibrin. As a drug class, bisphosphonates resemble
a substituted pyrophosphate and chemisorb to calcium hy-
droxyapatite crystals; in so doing they block aggregation,
growth, and mineralization of these crystals, leading to the
prevention or retardation of heterotopic ossification (24, 56).

Importantly, bisphosphonates exhibit additional mecha-
nisms of action beyond chelation which are of potential rele-
vance to inhibition of growth of mammalian and microbial
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cells. In osteoclasts N-substituted bisphosphonates also inhibit
the addition of long-chain lipids to GTP binding proteins,
leading to apoptosis, decreased numbers of osteoclasts, and
reductions in the levels of bone loss (33, 68). The accumulation
of bisphosphonates in bone may also decrease the levels of
binding of disseminated cancer cells to bone and increase drug
concentrations to levels able to kill cancer cells adjacent to
bone (44). Bisphosphonates may kill cancer cells, in part, via
inhibition of metalloproteinases (43), enzymes also found in
microbes. Price et al. (66) have challenged the idea that che-
lation is solely responsible for the inhibition of both artery
calcification and bone resorption by alendronate. Interestingly,
NB have been found in calcified human carotid arteries and
aorta but not healthy vessels (Puskas et al., unpublished).

It is not clear that inhibition of the growth of NB requires
chelation. Calcium binding may contribute to the effects
against NB of the potassium citrate and citric acid mixture (45)
and some of the antimicrobics and other drugs tested. How-
ever, the nonchelators nitrofurantoin, 5-FU, and aminocaproic
acid were active against NB. Conversely, ciprofloxacin, a
known chelator, was not active. The classical mechanisms of
action of these drugs against NB would be consistent with
reports that NB contain protein, DNA, apatite, and muramic
acid (48, 53) and are positive for endotoxin by the differential
Limulus amoebocyte lysate assay and by immunoblotting (45).
Of course, drugs effective against NB in vitro may act via
nonclassical mechanisms. New mechanisms of antibiotic action
are increasingly appearing in the literature, such as (i) gentam-
icin’s effect on ribosomes to correct the enzyme deficiency that
causes Hurler’s syndrome in cultured fibroblasts from patients
(54) and (ii) the discovery that a genetically engineered live-
attenuated human immunodeficiency virus will reproduce only
in the presence of doxycycline (77).

Microbes, their toxins, or their shed components may con-
tribute to pathological calcifications in several ways. They may
(i) damage cellular membranes, resulting in exposure of tissue
components capable of forming crystallizing nidi (2, 81), or (ii)
alter local levels of calcium and phosphate in tissue to saturat-
ing concentrations that in turn promote crystal formation on
available nidi; (iii) the microbe may be calcified directly (29—
31, 72,76, 78); or (iv) microbial components may interact with
tissue components to form complexes that are hybrid nidi. NB
or its fragments may be nidi, but they are not necessarily the
only nidi for the formation of pathological calcifications (9,
13-15, 34). As microbial components are known to bind to
apatite (3), NB may also contribute directly to the primary
pathogenesis of disease by acting as a system for the delivery of
microbial and other toxins to tissues (1, 50), a process that
would require endocytosis (15). Future research is required to
determine the classical and potentially novel mechanism(s) by
which drugs inhibit the growth of NB, alter the morphology of
NB, and affect the genesis of diverse types of microbial and
tissue calcifications.
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ADDENDUM IN PROOF

Ciprofloxacin, although a chelator, has been reported not to
exhibit chelation activity in a bacterial test system (B. Lindner,
A. Wiese, K. Brandenburg, U. Seydel, and A. Dalhoff, Anti-
microb. Agents Chemother. 46:1568-1570, 2002).
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