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Abstract

Phytochemicals and micronutrients represent a growing theme in antimicrobial defense; however,
little is known about their anti-borreliae effects of reciprocal cooperation with antibiotics. A better
understanding of this aspect could advance our knowledge and help improve the efficacy of current
approaches towards Borrelia sp. In this study, phytochemicals and micronutrients such as baicalein,
luteolin, 10-HAD, iodine, rosmarinic acid, and monolaurin, as well as, vitamins D3 and C were
tested in a combinations with doxycycline for their in vitro effectiveness against vegetative
(spirochetes) and latent (rounded bodies, biofilm) forms of Borrelia burgdorferi and Borrelia garinii.
Anti-borreliae effects were evaluated according to checkerboard assays and supported by
statistical analysis. The results showed that combination of doxycycline with flavones such as
baicalein and luteolin exhibited additive effects against all morphological forms of studied Borrelia
sp. Doxycycline combined with iodine demonstrated additive effects against spirochetes and
biofilm, whereas with fatty acids such as monolaurin and 10-HAD it produced FICIs of indifference.
Additive anti-spirochetal effects were also observed when doxycycline was used with rosmarinic
acid and both vitamins D3 and C. Antagonism was not observed in any of the cases. This data
revealed the intrinsic anti-borreliae activity of doxycycline with tested phytochemicals and
micronutrients indicating that their addition may enhance efficacy of this antibiotic in combating
Borrelia sp. Especially the addition of flavones balcalein and luteolin to a doxycycline regimen could
be explored further in defining more effective treatments against these bacteria.
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Introduction

Bacteria from genus Borrelia are mico-aerophilic
and slow-growing pathogens known for their
persistency [1-7]. Out of 36 currently recognized
species, 13 of them are either acknowledged or
suspected to cause Lyme disease (LD) which is the
most common tick-born infection in Europe and
North America [8-11]. They are known as Borrelia
burgdorferi sensu lato and include species such as
Borrelia  burgdroferi  sensu  stricto (predominantly

causing this illness in North America) as well as
Borrelia afzelii and Borrelia garinii (predominantly
causing this illness in Europe) [12]. The vegetative
form of Borrelia sp. are spirochetes that are motile and
can survive viscous conditions in human and animal
blood, and as well they are capable of entering their
cells [13-16]. When hostile conditions are introduced
these bacteria can adopt different latent forms such as
rounded bodies (cysts, granular forms, L-forms) and

http://www.ijbs.com



Int. J. Biol. Sci. 2016, Vol. 12

1094

aggregates (biofilm-like structures) [17-19]. Especially
the ability of Borrelia burgdorferi sensu lato to convert
and re-convert to cystic form was observed, which
may be one of the reasons why this infection can
sometimes become persistent and/or re-surface after
being silent for a long time. [19-21]. Moreover,
genomic analysis revealed that Borrelia burgdorferi
sensu lato has a gene for efflux mechanism. This might
be responsible for developing antibiotic resistance,
although more in depth studies are warranted to
prove such hypothesis [22]. These aspects all highlight
the need for either new or improved treatments
against Borrelia sp. [21].

Based on diagnostic test results, the most recent
estimates, indicate that the number of LD cases in just
the United States reaches 300,000 each year; however,
there might be unreported cases that are not reflected
in the statistics [10, 19, 23, 24]. This has made this
disease the most common vector-born disease in the
Northern Hemisphere [10-11, 19]. Currently, the
frontline treatment for LD is based on antibiotics. Beta
lactams are the most frequently applied and include
doxycycline, amoxicillin, and cefuroxime axetil.
Macrolides, such as azithromycin, clarithromycin, and
erythromycin, are the second class and appear to be
less effective than beta lactams [25].

Currently one of the most often prescribed
antibiotics against Borrelia burgdorferi sensu lato
infection is doxycycline [25-29]. Its use began in the
late sixties last century against infections other than
LD [30, 31]. Since then, the application of doxycycline
extended and has been on the World Health
Organization's List of Essential Medicines as one of
the most important medications needed in a basic
health system [31, 32]. Doxycycline is a
broad-spectrum antibiotic belonging to the class of
tetracyclines. Like other agents in this class, it is an
anti-bacterial and anti-parasite agent targeting protein
production in general [31-33]. Its side effects are
similar to those of other members of this antibiotic
class, including the development of an erythematous
rash after exposure to sun. Moreover, doxycycline is
classified as a class D drug and is thus restricted for
administration to pregnant women and children
under the age of eight [34]. Although, doxycycline is
one of the most frequently prescribed antibiotics,
especially for the early stages of LD, its continued
treatment is not recommended since the long-term
effectiveness has not been proven [4, 35]. In vitro
studies revealed that doxycycline is very effective
against active (vegetative) form of Borrelia sp., with
moderate action against their biofilms, and ineffective
against the latent rounded forms [2, 36]. Observed
persistency and/or relapse of LD symptoms in the
absence of ongoing antibiotic treatment was observed

as well [19, 21, 37]. This would suggest that
doxycycline may either facilitate generation of latent
forms or is inefficient in their elimination [5, 17,
38-40]. While, it was shown that doxycycline has no
useful activity against latent rounded forms of Borrelia
sp., its general activity could potentially be improved
if applied in combination with other antimicrobial
agents that express similar or complementary action.

Antimicrobials derived from natural sources
such as plants, herbs, and fruits, and essential oils,
have shown activity against a plethora of bacteria and
fungi, but are poorly explored against Borrelia sp.
[41-43]. Despite a rather small pool of available data
on this subject, Bronson and Bronson study exhibited
grapefruit seed extract as a powerful in vitro agent
against spirochetes and their cystic forms of Borrelia
afzelii [44]. Dipsacus sylvestris extract against Borrelia
burgdorferi sensu stricto revealed growth inhibiting
activity as well [45], whereas Sapi, et al., reported
significant efficacy of leaf extracts from Stevia
rebaudiana on all forms of Borrelia burgdorferi sensu
stricto [46]. Our recent study documented that other
naturally occurring compounds like baicalein and
luteolin, belonging to the flavones, are also potent
against Borrelia sp. In addition, fatty acids, including
monolaurin and cis-2-decenoic acid, and iodine
exhibited significant bacteriostatic and bactericidal
activities [47]. Our and other studies indicate that
naturally derived compounds and antibiotics that
display essential anti-borreliae activities might be an
option for achieving optimal bacteriostatic and
bactericidal activity at lower MICs and MBCs, which
could potentially reduce their side effects and
treatment costs.

In this study, we examined reciprocal
cooperation of selected phytochemicals and
micronutrients with documented anti-borrelae
activities, with commercial antibiotic doxycycline
against two Borrelia species. To our knowledge, this is
the first scientific report about interaction between
doxycycline and phytochemicals and micronutrients
against active and latent forms of Borrelia sp.

Materials and Methods

Test compounds. The compounds such as
baicalein, vitamin D3, vitamin C, cis-2-decenoic acid
(10-HAD) and doxycycline, with the purity between
90%-98% according to the manufacturer, were
obtained from Sigma (St. Louis, MO). Luteolin and
rosmarinic acid, with the purity between 97%-99%
according to the manufacturer, were purchased from
Tocris Bioscience (Bristol, United Kingdom). Kelp
with standardized iodine content (i.e., 150 pg/ml as
100 % of Daily Value) was from World Organic Ltd.
(Auckland, New Zealand). Monolaurin (Lauricidin®),
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as a pure sn-1 monolaurin (glycerol monolaurate)
derived from coconut oil, was from Med-Chem
Laboratories, Inc., (Goodyear, AZ).

Preparation of test compounds for
susceptibility testing. A stock solution (50-100
mg/ml) of each compound (depending on solubility
of the substance) was prepared by suspending
individual test compounds in absolute ethanol and
sterilized by 0.22 pm syringe filtration. All stock
solutions were stored in aluminum foil-wrapped
tubes at - 20°C. Due to bactericidal effect of a high
percentage of ethanol, its added amount to the growth
medium was kept below 0.4% (v/v). A preliminary
experiment determined that ethanol content should
not exceed 0.5% (v/v) (data not shown). The
appropriate amount of each stock solution was then
added to 1.8 ml sterile screw-cap test tubes containing
1 ml of BSK-H complete medium to yield final
concentrations of 5-500 pg/ml for all compounds. As
a negative control, ethanol at 0.1-0.4% (v/v) was
applied.

Test microorganisms. Two Borrelia species such
as Borrelia burgdorferi sensu stricto and Borrelia garinii
were tested in their three morphological forms:
spirochetes, rounded forms, and biofilm. Low passage
isolates of the B31 strain of Borrelia burgdorferi and
CIP103362 strain of Borrelia garinii were obtained from
the American Type Culture Collection (Manassas,
VA). B31 strain is an isolate from Ixodes dammini
whereas the CIP103362 strain is an isolate from Ixodes
ricinus. The stocks of both species were cultured in
commonly used conditions, i.e., Barbour-Stoner-Kelly
H (BSK-H) medium supplemented with 6% rabbit
serum (Sigma, St. Louis, MO) without antibiotics at
33°C in 5% COp in sterile screw-cap 15 ml
polypropylene test tubes with or without gentle
shaking.

Preparation of test microorganisms for
susceptibility testing. Both examined strains of
Borrelia sp. were prepared for testing according to
Sapi, et al. [2]. Briefly, the strains were activated from
original cryobank vials and inoculated into 10 ml
BSK-H complete medium, and maintained at 33°C in
5% CO,. Generation of homogeneous cultures (i.e.,
having only spirochete form) of tested Borrelia sp.
were obtained by maintaining the inoculums in a
shaking incubator at 33°C and 250 rpm where there is
no biofilm formation, respectively [2]. Generation of
biofilm-like colonies of tested Borrelia sp. was attained
by incubation of inoculums in 4-well chambers (BD
Biosciences, Sparks, MD) coated with collagen type I
from rat tail for up to one week without shaking at
33°Cin 5% CO,, respectively.

Evaluation of the reciprocal activities of test
compounds on test microorganisms. Interaction of

doxycycline with studied phytochemicals was
assessed against spirochetes and rounded forms in 1.8
ml sterile screw-capped test tubes as well as against
biofilm in 4-well chambers coated with collagen I
from rat tail, according to checkerboard format.
Samples were inoculated with inoculums of test
organisms, respectively, and set up at the appropriate
times with increasing concentrations of doxycycline
(DOX) (0 to 500 pg/ml) and the active phytochemical
(PH) (0 to 500 pg/ml) or micronutrient (0 to 88
pg/ml), according to checkerboard assay. These
ranges were selected based on our earlier studies and
other research groups (applied as a single dose, not in
combination with a partner agent) [2, 47]. All tubes
and chambers with mature biofilm were then
incubated at 33°C for up to 72 h in 5% CO,. Each tube
was subjected to microscopic evaluation and
chambers to spectrometric evaluations. Fractional
inhibitory concentration indexes (FICIs), fractional
bactericidal concentration indexes (FBCls), and
fractional eradication (of biofilm) concentration
indexes (FECIs) were calculated and interpreted as
follows: synergy = FICI/FBCI/FECI of < 0.5
antagonism = FICI/FBCI/FECI > 4.0; additive = 0.5 <
FICI/FBCI/FECI < 1.0, and indifferent (no
interaction) = 1.0 < FICI/FBCI/FECI < 4.0 [48-50].
Discrepant results with FICI/FBCI/FECI < 1 were
confirmed by performing an additional duplicate test.

Evaluation of reciprocal activities of tested
combinations of agents against spirochetes of
Borrelia sp. Reciprocity of test compounds against
spirochetes of studied Borrelia sp. was performed
using a macro-dilution method according to
checkerboard format. Briefly, 1.8 ml sterile
screw-capped test tubes containing 1 ml BSK-H
complete medium, supplemented with the tested
combinations of agents were inoculated with 2 x 10°
spirochetes/ml of the homogenous bacterial
suspension. The tubes were then incubated at 33°C in
5% COzand growth and viability was monitored at
regular intervals for up to 72 h using a bacterial
Petroff-Hausser counting chamber with dark field
microscopy and/or LIVE/DEAD® BacLight™
Bacterial ~ Viability staining with fluorescent
microscopy as a standard procedure. Control cultures
were treated with ethanol (i.e, 0.1-0.4 v/v) alone.
FICIs were calculated as follows: FICpox =
MICDox+pH/ MICpox + FICpy = MICPH+Dox/ MICpy.
FBCIs were calculated as follows: FBCpox =
MBCoopox+pri/ MBCoipox + FBCpu = MBCoopr+pox/
MBCoopy, as standard calculations [50-52]. The
experiment was repeated three times for each species
and each tested compounds combination.

Evaluation of reciprocal activities of tested
combinations of agents against rounded forms of
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Borrelia sp. Efficacy of test compound combinations
against rounded forms was examined using a
LIVE/DEAD® BacLight™ Bacterial Viability staining
method, where green fluorescence determines the
presence of live rounded forms and red fluorescence
dead rounded forms, using a macro-dilution method
according to checkerboard format. Briefly, 2 x 106
spirochetes/ml of the homogenous bacterial
suspension was inoculated into each 1.8 ml sterile
screw-capped test tubes containing 1 ml BSK-H
complete medium, supplemented with the tested
combinations of agents. The tubes were then
incubated at 33°C in 5% CO; and viability was
monitored at regular intervals for up to 72 h using
fluorescent microscopy (Nikon, Eclipse E600) as
standard procedure. Control cultures were treated
with ethanol (0.1-04 v/v) alone. FBCls were
calculated as follows: FBCpox = MBCspox+rH/
MBCsppox + FBCpu = MBC50PH+Dox/ MBCsoph, where
MBCsp is a minimal concentration causing 50% of
killing. The experiment was repeated three times for
each species and each tested compounds combination.

Evaluation of reciprocal activities of tested
combinations of agents against biofilms of Borrelia
sp. Efficacy of test compound combinations against
biofilm of tested Borrelia sp. was evaluated using the
qualitative method based on crystal violet staining [2].
Briefly, 1 x 107 spirochetes/ml of the homogeneous
culture were inoculated into four-well chambers
coated with collagen type I and incubated at 33°C in
5% COs for up to one week. Earlier studies in our
laboratory have documented a lack of antifungal
carryover using this procedure [47]. Once the biofilm
was established, all chambers were supplemented
with the tested combinations of agents and incubated
at 33°C in 5% CO; for up to 72 h. Control wells were
treated with ethanol (0.1-0.4 v/v) alone. All wells
were fixed with 500 pl of cold methanol-formalin (1:1)
for 30 minutes and stained with 1 ml of crystal violet
(0.1%) for 10 minutes. The biofilms were then washed
carefully  three times with 1 x PBS
(phosphate-buffered saline), and 1 ml of methanol
was added to each well to extract a dye which was
measured at 595 nm using a spectrophotometer
(Molecular Device, Spectra Max 340). Reciprocal
interaction was evaluated according to checkerboard
format and the percentage of biofilm eradication
(BE%) was calculated as BE% = [1-(ODgso of cells
treated with Doxycycline and Phytochemical
(micronutrient)/ODgs9 of untreated control] x 100%.
Also, fractional eradication concentration indexes
FECIs (adapted from the FICI/FBCI equation
reported by Elion, et al.) were calculated as follows:
FECpox = EGsopox+rr/ECsopox + FECpy =
ECsopr+pox/ECsopn, where ECsy is an effective

concentration causing at least 50% of biofilm
eradication [53]. The experiment was repeated three
times for each species and each compounds
combination. For quantitative analysis, all chambers
were fixed with 500 pl of cold formalin-acetic acid
mixture for 20 min. followed by staining with 200 pl of
BacLight staining mixture for 15 min. in the dark,
according to the manufacturer’s recommendation.
Pictures were immediately taken from untreated
(control) and treated mounted slides using a
fluorescence microscope (Nikon, Eclipse E600).

2.9. Statistical analysis. All data are presented as
means * SD (n = 3). The ANOVA and/or Student's
two-tailed t test was used to determine statistically
significant differences set at 0.05 levels. Statistical
analysis was performed using GraphPad software.

Results

Reciprocal cooperation between doxycycline
and tested phytochemicals against spirochetes of

Borrelia sp. The examined combinations of
doxycycline with tested phytochemicals and
micronutrients  against  spirochetes  of  test

microorganisms with the MICs, FICs and FICIs values
are presented in Table 1A. The MBCys, FBCs and
FBCls values are presented in Table 1B. Screening of
tested combinations indicates additive effects (0.5 <
FICI<1.0) of doxycycline with 6 partner agents such
as baicalein, luteolin, iodine, rosmarinic acid, vitamin
D3, and vitamin C. Indifference (no interaction) was
seen between doxycycline and fatty acids like
monolaurin and 10-HAD. No antagonistic interaction
was noticed in any of the combinations. Adding
phytochemicals and micronutrients allowed for
lowering of doxycycline MIC value from 25 pg/ml to
12.5 pg/ml (valid for both tested Borrelia sp.). Adding
phytochemicals and micronutrients allowed for
lowering of doxycycline MBCy value from 200 pg/ml
to 100 pg/ml (for B. burgdorferi) and from 250 pg/ml
to 125 pg/ml (for B. garinii). The presence of
sub-inhibitory concentration of doxycycline (12.5
pg/ml) reduced the MICs of the partner
phytochemical agents that fluctuated between 62.5
pg/ml and 150 pg/ml and the partner micronutrient
agents between 0.00025 pg/ml and 44 pg/ml. FICs
and FICIs for all tested agent combinations
corresponded to each other for both tested Borrelia sp.
The presence of sub-bactericidal concentration of
doxycycline (100 pg/ml for B. burgdorferi; 125 pg/ml
B. garinii) reduced the MBCy values of the
phytochemical agents that ranged between 125 pg/ml
and 225 pg/ml and the partner micronutrient agents
between 0.0005 pg/ml and 44 ng/ml. FBCs and FBCls
for all tested agent combinations corresponded to
each other for both tested Borrelia sp.
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Table 1A. Bacteriostatic reciprocal cooperation of doxycycline with phytochemicals and micronutrients against spirochete form of

Borrelia burgdorferi and Borrelia garinii.

Tested combination Borrelia burgdorferi

Borrelia garinii

MIC in combination FIC FICI MIC in combination FIC FICI

PH DOX PH DOX PH DOX PH DOX

(ng/ml) (ng/ml) (ng/ml) (ng/ml)
Polyphenols
Baicalein+tDOX 75 12.5 0.5 0.5 1.0 75 12.5 0.5 0.5 1.0
Luteolin+DOX 62.5 12.5 0.5 0.5 1.0 75 12.5 0.5 0.5 1.0
RA+DOX 75 12.5 0.5 0.5 1.0 75 12.5 0.5 0.5 1.0
Fatty acids
Monolaurin+Dx 70 12.5 0.7 0.5 12 70 12.5 0.7 0.5 12
10-HAD+DOX 125 12.5 1.0 0.5 1.5 150 12.5 0.6 0.5 11
Micronutrients
Todine+DOX 2.5 12.5 0.5 0.5 1.0 2.5 12.5 0.5 0.5 1.0
Vitamin D3+DOX 0.00025 12.5 0.5 0.5 1.0 0.00025 12.5 0.5 0.5 1.0
Vitamin C+DOX 17.5 12.5 0.5 0.5 1.0 44 12.5 0.5 0.5 1.0

Abbreviations: MIC-minimal inhibitory concentration, FIC-fractional inhibitory concentration, FICI-fractional inhibitory concentration index, PH-phytochemical / micronutrient,

DOX-doxycycline, RA-rosmarinic acid.

MICs of single dose of: doxycycline (25 pg/ml), baicalein (150 pg/ml), luteolin (125 ng/ml for B. burgdorferi, 150 ng/ml for B. garinii), monolaurin (100 pg/ml), 10-HAD (125 pg/ml for B.
burgdorferi, 250 pg/ml for B. garinii), rosmarinic acid (150 pg/ml), iodine (5 pg/ml), vitamin D3 (0.0005 ug/ml), vitamin C (35 ng/ml for B. burgdorferi, 88 ug/ml for B. garinii) [47].

Table 1B. Bactericidal reciprocal cooperation of doxycycline with phytochemicals and micronutrients against spirochete form of Borrelia

burgdorferi and Borrelia garinii.

Tested combination Borrelia burgdorferi Borrelia garinii
MBCy in combination FBC FBCI MBCyin combination FBC FBCI

PH DOX PH DOX PH DOX PH DOX

(ng/ml)  (ug/ml) (ng/ml) (ng/ml)
Polyphenols
Baicalein+tDOX 125 100 0.5 0.5 1.0 125 125 0.5 0.5 1.0
Luteolin+DOX 125 100 0.5 0.5 1.0 125 125 0.5 0.5 1.0
RA+DOX 125 100 0.5 0.5 1.0 125 125 0.5 0.5 1.0
Fatty acids
Monolaurin+Dx 200 100 0.8 0.5 1.3 200 125 0.8 0.5 1.3
10-HAD+DOX 225 100 0.9 0.5 1.4 225 125 0.9 0.5 14
Micronutrients
Todine+DOX 7.5 100 0.5 0.5 1.0 7.5 125 0.5 0.5 1.0
Vitamin D3+DOX 0.0005 100 0.5 0.5 1.0 0.0005 125 0.5 0.5 1.0
Vitamin C+DOX 44 100 0.5 0.5 1.0 44 125 0.5 0.5 1.0

Abbreviations: MBCgo-minimal bactericidal concentration causing at least 90% of killing, FBC-fractional bactericidal concentration, FBCI-fractional bactericidal concentration index,

PH-phytochemical / micronutrient, DOX-doxycycline, RA-rosmarinic acid.

MBCs of single dose of: doxycycline (200 ug/ml for B. burgdorferi, 250 png/ml for B. garinii), baicalein (250 pg/ml), luteolin (250 pg/ml), monolaurin (250 pg/ml), 10-HAD (250 pg/ml),
rosmarinic acid (250 pg/ml), iodine (15 pg/ml), vitamin D3 (0.001 pg/ml), vitamin C (88 pg/ml) [47].

Reciprocal cooperation between doxycycline
and tested phytochemicals against rounded forms of
Borrelia sp. The effects of doxycycline in combination
with tested phytochemicals and micronutrients
against rounded forms of both studied Borrelia sp. are
presented in Table 2, with their MBCsps, FBCs and
FBCIs. Our previous results indicated that among
several tested compounds, a few (baicalein, luteolin,
monolaurin, 10-HAD, and iodine) showed
anti-rounded forms efficacy that satisfied the MBCsg
requirement. The other agents (rosmarinic acid,
vitamin D3, vitamin C, and doxycycline) did not affect
rounded forms to this extent [47]. Evaluation of all the
phytochemicals and micronutrients in combination
with doxycycline did not indicate synergy or
antagonistic interaction in any of the cases. However,
we noticed an additive effect which was restricted to
combinations of doxycycline with baicalein or its close
related agent luteolin, in both studied Borrelia sp.

Their FBCs and FBCls corresponded to each other for
both tested species of Borrelin. Combinations of
doxycycline with flavones were able to induce the
death of latent rounded forms up to 50% at lower
concentrations of each partner agent. As such,
effective concentrations of baicalein decreased from
350 pg/ml to 275 pg/ml, luteolin decreased from 200
ng/ml to 150 pg/ml, and doxycycline decreased from
500 pg/ml to 100 pg/ml. Indifference (no interaction)
was seen between doxycycline and fatty acids such as
monolaurin and 10-HAD as well as iodine. MBCsp
mark was achieved at their values identical to their
single dose such as 300 pg/ml for monolaurin, 500
pg/ml for 10-HAD and 20 pg/ml for iodine.
However, at the same time, their addition allowed for
reducing effective doxycycline concentration from 500
pg/ml to 100 pg/ml. The combinations with the rest
of the tested agents did not achieve MBCsy mark,
which did not allow performing correct calculations.
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None of the added tested agents alone or in
combinations could eliminate rounded forms in
90-99%, even at their maximal tested concentrations.
This is a very rigorous requirement for many
antibiotics, including doxycycline. Its efficacy was
shown to be ~ 5-10% at 500 pg/ml [2, 47, 54].

Kinetic evaluation of bactericidal effect against
spirochetes and rounded forms of Borrelia sp.
Kinetic evaluation of bactericidal effect of baicalein
and luteolin was conducted as these compounds were
able to eliminate both spirochete and rounded forms
of tested Borrelia sp. The results of this experiment

show that doxycycline in combination with these
phytochemicals, used at concentrations fulfilling the
0.5 < FBCI < 1.0 requirement, could significantly
eliminate spirochetes of Borrelia burgdorferi and
Borrelia garinii in a dose- and time-dependent manner,
reaching MICsomark after 24 h and MICy mark after
72 h (Figure 1A and B). Similarly, dose-and
time-dependent killing effect on their rounded forms
was noticed with MBCsp mark reached after 72 h
(Figure 2A-C) at concentrations fulfilling the 0.5 <
FBCI < 1.0 requirement.

Table 2. Antibacterial reciprocal cooperation of doxycycline with phytochemicals and micronutrients against rounded forms of Borrelia

burgdorferi and Borrelia garinii.

Tested combination Borrelia burgdorferi

Borrelia garinii

MBCsin combination FBC FBCI MBCs in combination FBC FBCI

PH DOX PH DOX PH DOX PH DOX

(ug/ml) (ug/ml) (ug/ml) (ug/ml)
Polyphenols
Baicalein+DOX 275 100 0.79 0.2 0.99 275 100 0.79 0.2 0.99
Luteolin+DOX 150 100 0.75 0.2 0.95 150 100 0.75 0.2 0.95
RA+DOX 500* 500* NS NS NA 500* 500* NS NS NA
Fatty acids
Monolaurin+Dx 300 100 1.0 0.2 1.2 300 100 1.0 0.2 1.2
10-HAD+DOX 500 100 1.0 0.2 12 500 100 1.0 0.2 1.2
Micronutrients
Todine+DOX 20 100 1.0 0.2 1.2 20 100 1.0 0.2 1.2
Vitamin D3+DOX 0.001* 500* NS NS NA 0.001* 500* NS NS NA
Vitamin C+DOX 88* 500* NS NS NA 88* 500* NS NS NA

Abbreviations: MBCso-minimal concentration causing at least 50% of killing, NS-not susceptible/not satisfying MBCso requirement at the maximal tested concentration, NA-not

applicable, FBC~fractional bactericidal concentration, FBCI-fractional bactericidal concentration index, PH-phytochemical /micronutrient, DOX-doxycycline, RA-rosmarinic acid,
*-maximal tested concentration.
MBCs of single dose of: doxycycline (NS), baicalein (350 pg/ml), luteolin (200 ug/ml for B. burgdorferi, NS for B. garinii), monolaurin (300 pg/ml), 10-HAD (500 pg/ml), rosmarinic acid
(NS), iodine (20 pg/ml), vitamin D3 (NS), vitamin C (NS) [47].
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Figure 1. (A) Dose-dependent anti-bacterial effect on spirochetes of B. burgdorferi B31 strain and B. garinii CIP103362 strain after 72 h of treatment with tested
compounds: baicalein, luteolin, and doxycycline (DOX), # p < 0.05, * < 0.001. (B) Kinetic evaluation of bactericidal effect of doxycycline in combination with
phytochemicals on spirochetes of B. burgdorferi B31 strain and B. garinii CIP103362 strain monitored up to 72 h; tested compounds: 125 pg/ml baicalein, 125 pg/ml
luteolin, 100 pg/ml doxycycline (DOX) for B. burgdorferi or 125 ug/ml doxycycline for B. garinii, control (0.2-0.4% v/v ethanol); # p < 0.05, A p < 0.01, * < 0.001.
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Figure 2. (A) Dose-dependent anti-bacterial effect on rounded forms of B. burgdorferi B31 strain and B. garinii CIP103362 strain after 72 h of treatment with tested
compounds: baicalein, luteolin, and doxycycline (DOX), # p < 0.05, A p < 0.01, * < 0.001. (B) Kinetic evaluation of bactericidal effect of doxycycline in combination
with phytochemicals on rounded forms of B. burgdorferi B31 strain and B. garinii CIP103362 strain monitored up to 72 h; tested compounds: 275 pg/ml baicalein, 150
pg/ml luteolin, 100 pug/ml doxycycline (DOX), control (0.2-0.4% v/v ethanol); # p < 0.05, A p <0.01, * < 0.001. (C) Representative images of B. burgdorferi B31 strain
and B. garinii CIP103362 strain SYTO®9 (green) and propidium iodine (red) taken under 200 x magnification; tested compounds: 275 pg/ml baicalein, 150 pg/ml

luteolin, 100 pg/ml doxycycline (DOX), control (0.2-0.4% v/v ethanol).

Reciprocal cooperation between doxycycline
and tested phytochemicals against biofilm of
Borrelia sp. The combinations of doxycycline with
test phytochemicals and micronutrients against
biofilm formed by test microorganisms with the ECsos,
FECs, and FECIs are presented in Table 3. In our
previous study we observed that several of these
compounds had anti-biofilm effects that satisfied the
ECso requirement. These were baicalein, luteolin,
monolaurin, 10-HAD, and iodine for B. burgdorferi, as
well as baicalein and monolaurin for B. garinii. The
other tested agents such as rosmarinic acid, vitamin
D3, and vitamin C did not display such effect [47]. The
results obtained from this study show that neither
synergy nor antagonism was observed. The additive
anti-biofilm effect was achieved when doxycycline

was co-administrated with baicalein, luteolin, and
iodine, respectively (valid for both tested Borrelia sp.),
significantly reducing established biofilms of test
microorganisms by ~ 50-60%, and satisfying the ECsp
requirement (Figure 3A and B). Combinations of
doxycycline with flavones were able to enhance
eradication of biofilm up to 50% at their lower
effective concentrations which decreased from 750
pg/ml to 500 pg/ml for baicalein, and from 350
pug/ml to 175 pg/ml for luteolin, and from 40 pg/ml
to 20 pg/mlfor iodine. At the same time doxycycline
concentration could also be decreased from 250 pug/ml
to 125 pg/ml. Their FECs and FECIs corresponded to
each other for both tested species of Borrelia.
Indifference (no interaction) was seen for doxycycline
combined with fatty acids such as monolaurin and
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10-HAD. ECsp mark was achieved at their values
identical to these of their single dose such as 375
pg/ml for monolaurin, 800 pg/ml for 10-HAD, and at
the same time allowing for reducing doxycycline
concentration from 250 pg/ml to 125 pg/ml. The
combinations with the rest of the tested agents did not
achieve ECsp mark, which did not allow performing

correct calculations. None of the agents tested alone or
in combinations could eradicate biofilms of both
studied Borrelia sp. in 90-99%, even when their
maximal tested concentration was applied. This is a
very rigorous requirement for any antibiotic,
including doxycycline, for which anti-biofilm efficacy
was shown to be ~ 30-40% at 250 pg/ml [2, 47].

Table 3. Antibacterial reciprocal cooperation of doxycycline with phytochemicals and micronutrients against biofilm of Borrelia burgdorferi

and Borrelia garinii.

Tested combination Borrelia burgdorferi Borrelia garinii
ECsoin combination FEC FECI ECsoin combination FEC FECI

PH DOX PH DOX PH DOX PH DOX

(ng/ml) (ng/ml) (ng/ml) (ng/ml)
Polyphenols
Baicalein+DOX 375 125 05 0.5 1.0 375 125 0.5 05 1.0
Luteolin+DOX 200 125 0.5 05 1.0 200 125 05 0.5 1.0
RA+DOX 500* 500* NS NS NA 500* 500* NS NS NA
Fatty acids
Monolaurin+Dx 750 125 1.0 0.5 15 750 125 1.0 05 15
10-HAD+DOX 800 125 1.0 0.5 15 800 125 1.0 0.5 15
Micronutrients
Todine+DOX 20 125 0.5 05 1.0 20 125 05 0.5 2.0
Vitamin D3+DOX 0.001* 500* NS NS NA 0.001* 500* NS NS NA
Vitamin C+DOX 88* 500* NS NS NA 88* 500* NS NS NA

Abbreviations: ECso-effective concentration causing at least 50% of eradication, NS-not susceptible/not satisfying ECso requirement at the maximal tested concentration, NA-not
applicable, FEC-fractional eradication concentration, FECI-fractional eradication concentration index, PH-phytochemical/ micronutrient, DOX-doxycycline, RA-rosmarinic acid,

*-maximal tested concentration.

ECsos of single dose of: doxycycline (NS), baicalein (750 pg/ml), luteolin (350 pg/ml for B. burgdorferi, NS for B. garinii), monolaurin (750 pg/ml), 10-HAD (800 pg/ml), rosmarinic acid

(NS), iodine (40 pg/ml), vitamin D3 (NS), vitamin C (NS) [47].
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Figure 3. (A) Evaluation of remaining biofilm of B. burgdorferi B31 strain and B. garinii CIP103362 strain after 72 treatment with tested compounds determined by
crystal violet staining; tested compounds: 375 pg/ml baicalein, 200 pg/ml luteolin, 125 pg/ml doxycycline (DOX), control (0.2-0.4% v/v ethanol). (B) Representative
images of B. burgdorferi B31 strain and B. garinii CIP103362 strain biofilm stained with SYTO®9 (green) and propidium iodine (red) taken under 400 x magnification;
tested compounds: 375 pg/ml baicalein, 200 pg/ml luteolin, 125 pg/ml doxycycline (DOX), control (0.2-0.4% v/v ethanol).
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Discussion

Borrelia sp. is the cause of Lyme disease in
mammals. The emergence of the relapse of symptoms
of this disease has been noticed [7, 19, 37, 55]. The
challenge in treating these bacteria has been
complicated by several pathophysiological factors,
including their ability to remain latent for decades [5,
56-58]. The challenge is further exacerbated by
findings indicating that Borrelia biofilm may harbor a
heterogeneous population of spirochetes and rounded
forms with distinct genetic and protein profiles
[69-61]. In addition, the role of an antibiotic efflux
gene needs to be explored [22].

Improved prospects in targeting Borrelia sp. may
result from applications of agents that cooperate in
eliminating spirochetes as well as their dormant
forms. Therefore, it is important to investigate the
interaction of such agents with the most common

clinically used antibiotics against LD, like
doxycycline.
Our  previous  study  indicated  that

phytochemicals may provide a new reservoir of active
antimicrobial agents, and serve as a resource for the
development of novel anti-borreliae approaches [47].
That study showed that the most promising
compounds effective against spirochete and/or latent
forms of Borrelia sp. were flavones such as baicalein
and luteolin, fatty acids including monolaurin and
10-HAD, and iodine. Also vitamins D3 and C, and
rosmarinic acid demonstrated bacteriostatic effects.
Doxycycline was effective against the spirochete form
and had a moderate effect against biofilm. However,
the exposure of Borrelia sp. to doxycycline
concentration even 10-20 times higher than its MIC
value did not show efficacy towards rounded forms
[2, 47]. That might lead to a subsequent loss of
doxycycline efficacy in vitro and in vivo when applied
long-term. Taking all these aspects into consideration,
we were interested in evaluating the reciprocal
interactions of these  phytochemicals and
micronutrients with doxycycline against active and
latent forms of Borrelia sp.

In the present study, we tested eight
combinations of phytochemicals with doxycycline
against all morphological forms of Borrelia sp.
Although the synergy was not observed, the
antagonism was not present either. Additive effects
were confined to a small number of combinations
against latent forms (doxycycline with baicalein or
luteolin), while against spirochetes these activities
were noticeable with more combinations, such as
doxycycline with baicalein, luteolin, iodine,
rosmarinic acid, and vitamin D3 or vitamin C.
Indifference was demonstrated for a combination of

doxycycline with fatty acids such as monolaurin and
10-HAD. Time-dependent bactericidal effects against
spirochetes and latent rounded forms of Borrelia
burgdorferi and Borrelia garinii were observed when
doxycycline was combined with the flavones baicalein
and luteolin, respectively, at concentrations fulfilling
the 0.5 < FBCI < 1.0 requirement. Interestingly, the
addition of iodine did not improve doxycycline’s
efficacy towards rounded forms, but demonstrated
additive effects against spirochete and biofilm forms
of both tested Borrelin sp. Whether similar in vitro
effects can be replicated in vivo, merits further studies.

There are only a few published reports about
reciprocal interactions between doxycycline and other
antibiotics, and none of them used Borrelia sp. as a
subject matter. As such, Bruhn, et al., reported
synergism of the precursor spectinomycin with
antibiotics. This observation prompted them to
examine whether spectinamides sensitize
Mycobacterium  tuberculosis  to  antibiotics not
traditionally used in the treatment of tuberculosis.
They noticed synergy with clarithromycin,
doxycycline and clindamycin against clinical isolates.
Further in vivo study of the efficacy of these
combinations documented additional bacterial killing
effect in a mouse model of acute tuberculosis
infection, but not in a chronic infection model [62]. In
the study of Gonzalo, et al., amikacin in combination
with doxycycline tested against clinical strains of
Moycobacterium tuberculosis showed a synergistic effect
in 18 of the 29 strains, and indifference in 11 strains
[63]. Supporting data obtained by
Rodriguez-Hernandez, et al., suggest that addition of
amikacin does not improve the results obtained by
imipenem monotherapy, but adding doxycycline to
amikacin is an alternative to imipenem in the therapy
of Acinetobacter baumannii pneumonia [64].

Even fewer studies have investigated the
interactions of doxycycline with phytochemicals and
none with micronutrients. Among these, research by
Valcourt, et al., showed synergy between doxycycline
and essential oils (EOs) such as carvacrol (oregano
oil), eugenol (clove oil) and cinnamaldehyde
(cinnamon oil) against Gram-negative strains of
Acinetobacter ~ baumannii,  Klebsielln ~ pneumoniae,
Escherichia coli, and Pseudomonas aeruginosa. No
growth inhibiting interactions were found between
EOs and doxycycline, however, synergistic
bactericidal effects were observed, supported by the
results visualizing the holes-type destructive changes
in the bacterial membrane with the leakage of cellular
contents [65]. There is one report demonstrating
synergy of Dbaicalein with tetracycline and
beta-lactams against methicillin-resistant
Staphylococcus aureus [66]. In addition, synergistic
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effect was demonstrated when luteolin was
co-administrated ~ with  ceftazidime  against
Streptococcus pyogenes that concluded that luteolin has
high potential to be developed as an adjunct to
ceftazidime for the treatment of
beta-lactamase-producing bacteria and Streptococcus
pyogenes infections [67]. Moreover, Isenberg, et al.,
found that half-strength (5%) povidone-iodine
solution significantly reduced bacterial flora of the
conjunctiva. Later, they compared this concentration
of povidone-iodine on the conjunctiva with a
prophylactic  antibiotic =~ (Neosporin ophthalmic
solution) in 35 patients undergoing ocular surgery.
The results showed that the antibiotic and
povidone-iodine solutions, used individually, caused
a similar and substantial decrease in the number of
colonies (biofilm) and species of bacteria cultured.
However, when both drugs were used together the
decrease was even more striking, making 83% of the
conjunctivae sterile. Thus, their recommendation was
to use a broad-spectrum topical antibiotic with the
half-strength povidone-iodine solution as a part of the
preoperative preparation [68].

Synergistic or additive interactions are not
universal which makes it difficult to compare and
generalize the results. In addition, the use of different
testing methods further complicates interpretation of
the results. We find it promising that our results
obtained with Borrelia sp. corroborate with the
findings of other research groups. It is important to
note that while bactericidal concentrations of
doxycycline may induce persistent phenotypic
changes, combining it with selected phytochemicals
or micronutrients may not only allow for reducing its
concentration to more “safe” values, but also expand
the spectrum of bacterial forms affected and perhaps
offer additional benefits such as anti-inflammatory
properties.

In summary, this study documents in vitro
efficacy of doxycycline co-administrated with several
phytochemicals and micronutrients against active and
latent persistent forms of Borrelia burgdorferi sensu
stricto and Borrelia garinii. These findings indicate an
additive effect of doxycycline co-administrated with
flavones like baicalein or luteolin against all
morphological forms of these species in uvitro.
Therefore, combinations of these phytochemicals with
an antibiotic present a promising alternative towards
combating Borrelia sp. The study provides additional
support for phytochemicals as valuable adjuvants in
antimicrobial chemotherapy, although further in vivo
and human studies are warranted to draw a final
conclusion.
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