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The present study investigated the in vitro and the in vivo interactions among azithromycin, clarithromycin, minocycline, and
tigecycline against Pythium insidiosum. In vitro antimicrobial activities were determined by the broth microdilution method in
accordance with CLSI document M38-A2, and the antibiotic interactions were assayed using the checkerboard MIC format. In
vivo efficacy was determined using a rabbit infection model. The geometric mean MICs of azithromycin, clarithromycin, mino-
cycline, and tigecycline against P. insidiosum were, respectively, 1.91, 1.38, 0.91, and 0.79 pg/ml. By checkerboard testing, all
combinations resulted in in vitro synergistic interactions (>60%). Antagonism was not observed. The in vivo studies showed
that azithromycin (20 mg/kg/day twice daily) alone or in combination with minocycline (10 mg/kg/day twice daily) significantly
decreased the fungal burden. This study demonstrates that azithromycin possesses potent curative efficacy against subcutaneous

pythiosis in the rabbit model.

Pythium insidiosum is a eukaryotic organism that grows by
forming filamentous structures similar to mycelia of true
fungi. This morphological similarity has been targeted for the
treatment of many pythiosis cases in humans and other mammals
using antifungal drugs (1). Despite a few reports of successful
therapy with antifungal drugs (2, 3), many studies have demon-
strated their ineffectiveness (1, 4-6). We previously described an-
tibacterial compounds belonging to the glycylcycline, macrolide,
and tetracycline classes (7-10) as having potent in vitro activity
against P. insidiosum. The present study investigated the in vitro
and in vivo interactions among minocycline, azithromycin, clari-
thromycin, and tigecycline against P. insidiosum.

MATERIALS AND METHODS

Microorganisms and in vitro antimicrobial susceptibility. The suscep-
tibilities of 28 Brazilian P. insidiosum strains isolated from equine pythio-
sis lesions (11) and two reference strains, P. insidiosum CBS 101555 and
ATCC 58.637, were evaluated. A CLSI M38-A2-based in vitro susceptibil-
ity test and combination tests were performed as described previously (9).
Azithromycin and minocycline (Pharma Nostra, Rio de Janeiro, Brazil),
clarithromycin (Genix, Andpolis, Brazil), and tigecycline (Sigma-Aldrich,
St. Louis, MO, USA) were purchased as standard antimicrobial powders.

In vivo animal model. The efficacies of azithromycin, minocycline,
clarithromycin, and tigecycline (Pfizer, New York, NY, USA) alone and in
combination were examined in a rabbit subcutaneous infection model
(12). Eighty-eight 3-month-old New Zealand rabbits were divided into 16
groups; 8 groups (n = 6) included animals with induced experimental
pythiosis treated with minocycline, azithromycin, clarithromycin, tigecy-
cline, minocycline plus azithromycin, minocycline plus clarithromycin,
or minocycline plus tigecycline along with a control without antimicro-
bial treatment. The clinical isolate of P. insidiosum used for the induction
of experimental pythiosis (isolate 290 in Table 1) was genotyped and
registered under GenBank accession number KJ176713. The remaining
eight groups (n = 5) were not infected with the experimental disease and
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were treated with the same drug regimens established for the infected
animals. Treatment with oral azithromycin (20 mg/kg/day twice daily),
clarithromycin (20 mg/kg/day twice daily), minocycline (10 mg/kg/day
twice daily), or peritoneal tigecycline (1.5 mg/kg/day twice daily) began 21
days after inoculation. All animals were treated for 10 weeks.

The subcutaneous nodular areas of lesions (square centimeters) in
infected groups were measured (the longitudinal and transverse lesion
lengths) every 7 days after the beginning of treatment using a caliper.
Blood samples from all animals were collected from the lateral saphenous
vein before inoculation (day 0) and before the start of treatment (day 21),
as well as 30 and 60 days after the start of treatment. Serum levels of
alanine aminotransferase (ALT), aspartate aminotransferase (AST), cre-
atinine, and urea were determined by a semiautomatic analyzer (BA-88A;
Mindray, China) using commercial kits (Labtest Diagnéstica S.A., Brazil).
A hematological analysis/complete blood count (BC-2800 vet auto hema-
tology analyzer; Mindray, China) was carried out. An enzyme-linked im-
munosorbent assay (ELISA) (13) was performed to determine the anti-P.
insidiosum antibody levels.

At the end of the experiment, all surviving animals were euthanized
through deepening of anesthesia using thiopental (60 mg/kg), and repre-
sentative tissues from the subcutaneous tumor-like lesion region, lung,
and kidney were subjected to further microbiological culture in Sab-
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TABLE 1 In vitro combinations of azithromycin, clarithromycin, minocycline, and tigecycline against 30 Pythium insidiosum isolates®

Results for drug combinations of:

MIC (pg/ml) AZM/CLR AZM/MIN

AZM/TIG

CLR/MIN CLR/TIG MIN/TIG

MICs
Isolate AZM CLR MIN TIG (pg/ml)

MICs
FICI INT (ug/ml)

MICs
FICI INT (pg/ml)

MICs MICs MICs
FICI INT (pg/ml) FICI INT (pg/ml) FICI INT (pg/ml) FICI INT

118 1.00 0.50 1.00 2.00 0.25/0.03 0.31 S 0.06/0.03 0.09 S
135 8.00 2.00 1.00 0.50 0.12/0.03 0.03 S 0.03/0.12 0.12 S
137 8.00 2.00 1.00 0.25 0.50/0.03 0.08 S 0.03/0.50 0.50 S
138 0.50 2.00 0.50 0.50 0.06/0.03 0.14 S 0.12/0.12 0.50 S
156 0.50 0.50 1.00 0.50 0.03/1.00 2.06 I 0.06/0.06 0.18 S
178 0.12 0.25 0.50 1.00 0.03/0.25 1.24 1 0.03/0.12 0.49 S
187 2.00 0.50 2.00 2.00 0.25/0.03 0.19 S 0.03/0.06 0.05 S
198 4.00 4.00 0.25 0.50 0.03/2.00 0.51 I 0.12/0.06 0.27 S
210 1.00 1.00 4.00 4.00 0.03/1.00 1.03 I 0.03/1.00 0.28 S
219 1.00 2.00 0.25 0.25 0.03/0.12 0.09 S 0.03/0.03 0.15 S
223 1.00 1.00 0.25 0.25 0.25/0.03 0.28 S 0.06/0.03 0.18 S
227 1.00 0.50 0.25 1.00 0.03/0.50 1.03 I 0.25/0.06 0.49 S
232 1.00 2.00 0.25 0.25 0.03/0.25 0.16 S 0.12/0.03 0.25 S
247 1.00 2.00 1.00 2.00 0.03/1.00 0.53 I 0.03/0.12 0.16 S
252 2.00 0.50 2.00 1.00 0.25/0.03 0.19 S 0.03/0.12 0.08 S
253 4.00 4.00 0.25 1.00 0.03/1.00 0.26 S 0.12/0.03 0.15 S
254 1.00 0.50 0.50 0.25 0.03/0.25 0.53 I 0.03/0.12 0.28 S
255 4.00 2.00 2.00 0.25 0.50/0.03 0.14 S 0.03/1.00 0.51 I
260 4.00 2.00 4.00 4.00 1.00/0.03 0.27 S 0.03/0.50 0.12 S
264 4.00 1.00 0.50 0.25 0.25/0.03 0.09 S 0.06/0.06 0.14 S
271 2.00 4.00 2.00 2.00 0.03/2.00 0.52 I 0.03/0.50 0.27 S
273 2.00 0.50 1.00 1.00 0.25/0.03 0.19 S 0.03/0.12 0.14 S
274 1.00 2.00 4.00 4.00 0.03/0.50 0.28 S 0.03/0.50 0.16 S
282 2.00 4.00 4.00 4.00 0.03/1.00 0.27 S 0.50/0.03 0.26 S
290 2.00 4.00 4.00 4.00 0.03/0.50 0.14 S 0.03/0.25 0.08 S
291 4.00 0.50 2.00 0.50 0.25/0.03 0.12 S 0.03/0.06 0.04 S
292 8.00 2.00 2.00 0.25 1.00/0.03 0.14 S 0.03/0.12 0.07 S
294 8.00 4.00 0.50 0.50 2.00/0.03 0.26 S 0.03/0.12 0.25 S
296 2.00 8.00 0.50 0.25 1.00/0.03 0.50 S 0.03/0.06 0.14 S
ATCC 4.00 0.50 0.25 1.00 1.00/0.03 0.31 S 0.12/0.03 0.15 S

0.03/0.25 0.16
0.03/0.25 0.50
0.03/0.25 1.00
0.03/0.06 0.18
0.03/0.06 0.18
0.06/0.03 0.51
0.03/0.12 0.08
0.03/0.06 0.12
1.00/0.03 1.01
0.03/0.06 0.27
0.03/0.12 0.53
0.06/0.06 0.12
0.03/0.06 0.27
0.03/0.06 0.06
0.25/0.03 0.16
0.03/1.00 1.01
0.03/0.06 0.27
0.03/0.25 1.01
0.50/0.03 0.12
0.03/0.12 0.51
0.50/0.03 0.27
0.03/0.25 0.27
0.05/0.03 0.06
0.05/0.03 0.03
0.50/0.03 0.26
0.25/0.03 0.12
0.03/0.12 0.50
0.03/1.00 2.00
0.03/0.06 0.26
0.03/1.00 1.01

0.03/0.06 0.12 0.03/0.06 0.09 0.03/0.25 0.16
0.06/0.03 0.06 0.03/0.06 0.14 0.12/0.03 0.19
0.25/0.03 0.16 0.03/0.06 0.26 0.50/0.03 0.62
0.03/0.06 0.14 0.03/0.06 0.14 0.12/0.12 0.50
0.03/0.06 0.12 0.06/0.03 0.18 0.06/0.06 0.18
0.03/0.06 0.24 0.06/0.03 0.27 0.12/0.03 0.28
0.03/0.06 0.09 0.06/0.03 0.14 0.06/0.03 0.05
0.06/0.03 0.14 0.03/0.50 1.01 0.06/0.12 0.49
0.03/0.50 0.16 0.50/0.03 0.51 1.00/0.03 0.26
0.12/0.06 0.30 0.03/0.25 1.02 0.03/0.03 0.24
0.12/0.03 0.25 0.03/0.12 0.53 0.03/0.06 0.36
0.06/0.06 0.36 0.12/0.03 0.28 0.06/0.25 0.49
0.06/0.12 0.53 0.03/0.25 1.02 0.03/0.12 0.62
0.06/0.12 0.16 0.06/0.03 0.05 0.12/0.03 0.14
0.03/0.12 0.12 0.03/0.25 0.31 0.12/0.03 0.09
0.50/0.03 0.25 0.06/0.12 0.14 0.03/0.12 0.25
0.03/0.06 0.18 0.06/0.03 0.24 0.12/0.03 0.37
0.06/0.03 0.05 0.03/0.50 2.02 1.00/0.03 0.62
0.03/0.12 0.05 0.25/0.03 0.12 0.50/0.03 0.12
0.06/0.06 0.18 0.03/0.12 0.53 0.06/0.06 0.36
1.00/0.03 0.27 0.03/1.00 0.51 0.50/0.03 0.27
0.03/0.06 0.12 0.06/0.03 0.15 0.12/0.03 0.16
0.03/0.12 0.05 0.25/0.03 0.12 0.50/0.03 0.12
0.25/0.03 0.07 0.03/0.25 0.07 0.03/0.50 0.12
0.03/0.50 0.12 0.06/0.03 0.02 0.25/0.03 0.07
0.03/0.06 0.09 0.03/0.06 0.18 0.06/0.03 0.09
0.03/0.12 0.08 0.03/0.50 2.02 0.12/0.03 0.18
0.25/0.03 0.12 0.03/0.25 0.51 0.12/0.03 0.31
0.25/0.03 0.09 0.03/0.12 0.50 0.06/0.03 0.24
0.25/0.03 0.62 0.03/0.50 0.56 0.03/0.12 0.25
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% ATCC, ATCC 58.637; AZM, azithromycin; CLR, clarithromycin; MIN, minocycline; TIG, tigecycline; FICI, fractional inhibitory concentration index; INT, interpretation; S,

synergism; I, indifference.

ouraud dextrose agar, direct detection of P. insidiosum DNA by a nested
PCR (nPCR) assay (11), and histopathological analysis. To quantify the
fungal load, tissue slices were stained with methenamine silver stain and
scored as 0 (if no hyphae were visible) or 1, 2, 3, or 4 proportional to
increasing tissue burdens. The inflammatory responses were observed by
hematoxylin-eosin (H&E) stain. The animals were used according to the
guidelines of the Committee on Care and Use of Experimental Animal
Resources, Federal University of Santa Maria, Brazil.

Statistical analysis. All data are presented as means * standard errors
of the mean (SEM) unless otherwise indicated and were subjected to log-
arithmic transformation to obtain homogeneity between groups, and
two-way analysis of variance (ANOVA) followed by the Holm-Sidak test
was performed to calculate the significant difference between groups. All
analyses were performed using Sigma Plot software version 12.5. A signif-
icant difference was established at a P value of <0.05.

Nucleotide sequence accession number. Nucleotide data for P. insi-
diosum isolate 290 were deposited in GenBank under accession number
KJ176713.

RESULTS

Invitro susceptibility. The results of the in vitro susceptibility and
combination tests are shown in Table 1. The MICs (geometric
mean MICs) ranged from 0.125 to 8 pg/ml (1.91 pg/ml) for azi-
thromycin, from 0.25 to 8 pg/ml (1.38 pg/ml) for clarithromycin,
from 0.25 to 4 pg/ml (0.91 pug/ml) for minocycline, and from 0.25
to 4 pg/ml (0.79 wg/ml) for tigecycline. The MICy, values were 8
pg/ml for azithromycin and 4 pg/ml for clarithromycin, minocy-
cline, and tigecycline. The interpretation of the drug combina-
tions was based on the lowest fractional inhibitory concentration
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index (FICI) and demonstrated synergism (percentage of synergic
interactions) for the following combinations: minocycline plus
azithromycin (93.3%), minocycline plus clarithromycin (93.3%),
minocycline plus tigecycline (86.67%), tigecycline plus azithro-
mycin (66.6%), tigecycline plus clarithromycin (60%), and azi-
thromycin plus clarithromycin (70%). Furthermore, antagonistic
interactions were not observed.

Experimentally induced pythiosis. The means and standard
errors of subcutaneous lesion nodular areas (square centimeters)
of the groups are summarized in Fig. 1. Three animals from the
untreated group (n = 6) died in the sixth (n = 2) and ninth (n =
1) weeks. Pythiosis with metastasis to the lungs was considered the
causa mortis by necropsy and histopathological analysis. All re-
maining animals from the untreated and treated groups were fol-
lowed until the end of the experiment. Clinical cures, i.e., com-
plete remissions of subcutaneous lesions, were observed in
animals from the groups given minocycline (one animal after 4
weeks of treatment), minocycline plus clarithromycin (one ani-
mal after 7 weeks), minocycline plus tigecycline (one animal after
7 weeks; one animal after 8 weeks), minocycline plus azithromy-
cin (three animals after 7 weeks; one animal after 10 weeks), and
azithromycin (one animal after 5 weeks; one animal after 6 weeks;
one animal after 8 weeks; two animals after 10 weeks).

Biochemical and hematological analyses. Rabbits with py-
thiosis had increased white blood cell (WBC) counts. Interest-
ingly, on the 60th treatment day, the WBC counts from the azi-
thromycin and minocycline-plus-azithromycin groups were
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FIG 1 Variation in Pythium insidiosum-induced subcutaneous lesion nodular
areas in rabbits receiving monotherapy or combination antibiotic treatment.
*Indicates a significant difference compared to the disease control group (P <
0.05). AZM, azithromycin; CLR, clarithromycin; MIN, minocycline; TIG,
tigecycline.

significantly different from those for the control group and similar
to those of healthy animals. No statistically significant differences
were observed in red blood cells (RBC), and despite some inter-
mittent differences, an overview analysis of the hemoglobin con-
centration and levels of ALT, AST, urea, and creatinine did not
reveal any evident alterations or toxicity regarding the disease or
treatment.

ELISA, nPCR, and histopathological and morphometric
analyses. Based on the ELISA results, recovery of microorganisms
in culture, nPCR, and blinded histopathological analysis summa-
rized in Table 2, it is evident that the groups treated with azithro-
mycin and minocycline plus azithromycin showed an absence of
or significant reduction in fungal burden and a reduced concen-
tration of anti-P. insidiosum antibodies. Although the histological
aspects of the lesions were similar in all groups, there was a varia-
tion in the number of P. insidiosum hyphae when evaluated by
Grocott’s stain (Fig. 2). The histopathology of the lesions stained
with H&E revealed the presence of multifocal to coalescent ne-

In Vitro and In Vivo Antimicrobial Activities

crotic areas, which were delimited by inflammatory infiltrates
consisting predominantly of macrophages, lymphocytes, and
neutrophil degenerates. Grocott’s stain revealed irregular hypha-
like structures that were ramified and occasionally septate (Fig. 2).
The presence of hyphae was also confirmed by nPCR, which was
more sensitive than Grocott’s stain or tissue culture. Animals
treated with clarithromycin had an increased number of hyphae
compared to those in the control group. Pulmonary metastasis in
an animal treated with tigecycline was confirmed by hypha detec-
tion with Grocott’s stain and nPCR tests (Table 2).

DISCUSSION

In the present study, we compared the effects of azithromycin,
clarithromycin, minocycline, and tigecycline against P. insidiosum
isolates in vitro and in vivo. Our in vitro results showed that all of
these antibacterials inhibited in vitro P. insidiosum growth, and all
combination treatments resulted in synergistic in vitro interac-
tions (>60%), particularly in the presence of minocycline, for
which >86% synergistic interactions were observed. Therefore,
minocycline was selected as the main antibiotic for the in vivo
studies.

The in vitro susceptibility results in our study were consistent
with those of previous studies (7—10). In vivo, the previous studies
of induced pythiosis in rabbits demonstrated that caspofungin (1
mg/kg/day) (14), some combinations of terbinafine (125 mg/day)
with itraconazole (5 mg/kg/day), fluvastatin (1 mg/kg/day), or
caspofungin (1 mg/kg/day) (15), and a vortexed immunotherapy
(30 mg at 14-day intervals) (12, 16) presented fungistatic activity,
i.e., the progression of subcutaneous lesions was less than that
for the untreated group for some therapies, but complete remis-
sion of the lesions was not the prevalent observation. In our study,
with the exception of clarithromycin monotherapy, all therapies
reduced the progression of subcutaneous lesions compared to the
control. However, azithromycin was remarkably effective, with
complete remission of the lesions in 66.6% and 83.3% of the ani-
mals receiving combination therapy with minocycline or mono-
therapy, respectively.

The results described here suggest that most of the antimicro-
bial agents evaluated merit attention as new candidates for pythio-
sis treatment. Nevertheless, it is important to note some limita-
tions of this study. (i) Rabbits are currently the only animals in

TABLE 2 Results from histopathological, nested PCR, and culture analysis of kidneys, lungs, and subcutaneous lesions and antibody levels

determined by ELISA from Pythium insidiosum-infected rabbits”

Mean = SD fungal load by Nested PCR

Culture positive Mean * SD antibody levels by ELISA

Grocott’s stain (0—4) positive (%) (%) (optical density) at day:

Group K L S L S K L N 0 30 60

AZM 0 0=0.00" 0+ 0.00® 0 0 167 0 0 0 0.165 + 0.006*  0.139 * 0.022*®  0.112 + 0.0225°
CLR 0 0=0.00% 3.17 = 0.40% 0 0 833 0 0 66.6 0.170 = 0.011%*  0.179 = 0.037%*  0.163 * 0.038°
MIN 0 0=*0.00" 1.67 £ 0.42% 0 0 664 0 0 50.0  0.188 * 0.035**  0.169 = 0.031**  0.150 *+ 0.025%°
TIG 0 017 +0.17% 150+ 0.56" 0 167 500 0 0 50.0  0.202 * 0.041%*  0.175 = 0.030**  0.170 + 0.036**
MIN + AZM 0 0=0.00% 0.83 =0.40° 0 0 167 0 0 0 0.157 = 0.016%*  0.152 * 0.036**  0.128 = 0.0255°
MIN + CLR 0 0%0.00" 1.00 £ 0.26* 0 0 833 0 0 333 0.152 * 0.034%  0.139 * 0.032**  0.139 *+ 0.033"%
MIN + TIG 0 0.33+028" 1.50*042% 0 0 500 0 0 66.6  0.196 * 0.028**  0.171 = 0.034**  0.158 *+ 0.038°
Disease control 0 1.17 = 0.60* 2,50 = 0.43* 16,6 50.0 100 0 333 100  0.192 *= 0.038**  0.183 = 0.030**  0.200 = 0.027"*

@ Superscript letters indicate significant differences. Values not sharing the same superscript letter are significantly different (P < 0.05). Different capital letters indicate significant

differences between the groups treated for pythiosis compared to the disease control; different lowercase letters represent significant differences in the same group from day 0. AZM,
azithromycin; CLR, clarithromycin; MIN, minocycline; TIG, tigecycline; K, kidney; L, lung; S, subcutaneous lesion; day 0, before antimicrobial treatment started; day 30 and day 60,
30 and 60 days after the start of the antimicrobial treatment regimen.
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FIG 2 (A and B) Tissue sections were stained with hematoxylin-eosin stain (H&E) to examine the inflammatory responses. A histological section of granulo-
matous tissue demonstrated core areas of necrosis containing the agent, featured as a negative image, surrounded by infiltration of macrophages, lymphocytes,
and neutrophil degenerates (A), and observed necrosis areas are associated with the proliferation of fibrous connective tissue and the presence of giant cells (B).
(C and D) Quantification of the tissue burden of organisms and inflammatory responses in the granulomatous tissue of animals infected with P. insidiosum. A
scoring system of 0 to 4 for each parameter was developed. For quantification of the fungal load, granulomatous tissue slices were stained by methenamine-silver
stain and scored as 0 (if no filaments were visible) or as 1 to 4 (panel C represents a score of 1 and panel D represents a score of 4). Magnification, X400.

which experimental pythiosis may be reproduced. However, rab-
bits are not a natural host of the disease. (ii) All treated animals
had lesions with less than 30 days of evolution. Typically, cases of
pythiosis respond better to treatment when the lesions are more
recent, whereas an unfavorable diagnosis is often observed as the
time of disease progression increases. (iii) The prolonged treat-
ment time with antibacterials may be contraindicated due to pos-
sible side effects. In this sense, the constant monitoring of hepatic,
renal, cardiac, and respiratory function is indicated. (iv) The ther-
apeutic response may be different, depending on the tissue or
organ affected by the disease.

It is probable that the mechanism of antimicrobial action of
macrolides and tetracyclines against P. insidiosum in this study is
similar to that observed against bacteria, i.e., the inhibition of
protein synthesis. Interestingly, among the pharmacological char-
acteristics of these compounds (17), therapeutic doses of azithro-
mycin produce tissue concentrations greater than 3 mg/kg in sev-
eral tissues but low plasma concentrations (0.4 pg/ml) (18).

Further studies, including a larger number of isolates, particu-
larly from genetically diverse P. insidiosum strains, different drug
regimen treatments, and associations with other antimicrobials,
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immunotherapies, and surgery, will provide a better understand-
ing of the therapeutic potential of azithromycin, minocycline, and
tigecycline in pythiosis treatment.

To the best of our knowledge, this study represents the first
evaluation of the use of antibacterials against P. insidiosum in an
experimental disease model. In particular, azithromycin possesses
potent in vivo activity against subcutaneous lesions and presents
an interesting potential as a novel anti-P. insidiosum therapeutic
candidate.
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