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Abstract

The ever-increasing report of drug resistance by bacteria and side effects of certain pharmaceutical products are leading to aversion to some
synthetic drugs and resurgence of the use of alternative therapies, such as apitherapy i.e. therapy with bee products. Honey of the stingless
bee,Trigona spp., is used in Ethiopia as a panacea against dozens of ailments and considered to be superior to honeybee honey.

The kinetics of antibacterial actions of two stingless bee honey samples obtained from Ethiopia were investigated using a flow calorimetric
method. Four Gram-positive and two Gram-negative bacterial species were tested in vitro. The minimal inhibitory concentration (MIC) values
from the calorimetric experiments were compared with those obtained from petridish and spectrophotometric methods.

The calorimetric method displayed antimicrobial activities of weak honey concentrations that could not be detected with standard micro-
biological methods. Calorimetric results also indicated that lower concentrations of honey have bacteriostatic where as higher concentrations
show bactericidal actions. The MIC values obtained from the calorimetric method were several folds lower than those from the petridish and
spectrophotometric methods, showing the very high sensitivity of the former one.

Both honey samples have broad-spectrum antimicrobial actions against both Gram-positive and Gram-negative bacteria.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction phenomena are leading to resurgence of interest in the use
of alternative therapies such as apitherapy (therapy with bee
Honey has been used in medicine against bacterial in-products), among several others, and the general “back to
fections for thousands of years. It is however replaced by nature” trend in solving regional problems with indigenous
antibiotics in modern timefl]. The continued use of some knowledge. Of the several products of the beehive, the most
systemic or topical antimicrobial agents has imparted the commonly used food/health supplement with a resurrecting
selective pressure and led to the emergence of antibioticuse in medicine is honey,5].
resistant straing2]. The ever-increasing reports of drug The honey broadly applied for different purposes is
resistance by bacteria and of side effects of certain pharma-mainly obtained from the western honeybgs mellifera.
ceutical products are causing an aversion to and subsequenin the tropical and subtropical regions, however, honey is
cease of the use of some synthetic drugs and antibiotics.made not only by the aforementioned bee species but also
To solve such problems researchers are on an unremittingby several species of stingless bees that belong to the sub-
search and synthesis of new drugs. family Meliponinae and the geneMelipona and Trigona.
Unfortunately, the costs of some of such drugs are soar- Honey of the stingless be@&;igona spp., is usually a highly
ing and the rate of discovery is becoming 1¢8]. These praised apitherapeutic agent used as a panacea against
dozens of ailments in Ethiopia. Among the most common
* Corresponding author. Tel+49-30-838-53949; uses of sting_lgs_s bee honey are to treat stoma(_:h dis_turbance,
fax: +49-30-838-539186. cough, tonsillitis, sore throat, stomach, and intestinal ul-
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a wound dressing. The purpose of our present investigationgions is categorized as Ethiopian undifferentiated woodland

was to elucidate calorimetrically the mechanism of action [8].

and determine the minimal inhibitory concentration (MIC)

and minimal bactericidal concentration (MBC) of the stin- 2.2. Bacterial strains and culture media

gless bee honey obtained from Ethiopia. In addition to that,

calorimetric results will be compared with those obtained  Bioassays of the antibacterial activities of the two

by petridish bioassay and spectrophotometric methods ofhoney samples were performed with: (i) four species of

our previous investigation on the same hof@ly Gram-positive bacteriaBacillus subtilis (DSM 347), Mi-
Nowadays, several techniques are employed in the screenerococcus luteus (DSM 348), Bacillus megaterium (DSM

ing of new antimicrobial agents in different laboratories. But 90), Bacillus brevis (DSM 5609); and (ii) two species of

most of the methods are associated with drawbacks and ther&sram-negative bacterisEscherichia coli (DSM 31) and

is no standard way of presenting the results obtained by dif- Pseudomonas syringae (DSM 5176). All bacterial cultures

ferent method§7]. Few of the most common problems with  were cultivated on Standard | nutrient broth (Merck, Lot

the techniques employed today are (i) inoculum size: affect- VL 630582) and/or Standard | nutrient agar (Merck, Lot VL

ing results in both liquid and solid media directly, but to be 694681). Media were sterilized by autoclaving at 1€for

minimized by standardizing the inoculum density which is 15 min. The bacterial strains were bought from the German

laborious and time consuming; (ii) consistency of the agar collection of microorganisms and cell cultures (DSMZ,

layer/activity of water affects the results by directly inter- Braunschweig, Germany).

fering with the diffusion potential of the compound being

tested; (iii) incubation temperature affects the diffusion po- 2.3. Calorimetric experiments

tential of the substance being screened by acting on the con-

sistency of the agar layer; (iv) polarity of the substance: test- Calorimetric experiments were performed by means of a

ing nonpolar substances with the petridish bioassay methodflow calorimeter of vessel volume 0.587 ml (type 10700-1,

is not as such credible, since the substance could not dif-LKB, Bromma, Sweden) at a temperature of°8) The

fuse properly through the polar agar layer and hence activity calorimeter was connected by a Teflon tubezof 0.1 cm

could be highly restrained and; (v) color of the substance to to an external fermenter, a 50 ml reaction vessel with 20 ml

be tested interferes with results from the spectrophotometricnutrient broth. The fermenter was placed in a water bath

method, it could however be alleviated to a certain extent at a temperature of 3@. The bacterial culture was circu-

by using corresponding blanks for each dilution. lated from the fermenter to the calorimeter and back to the
A method which can not be affected by these problems fermenter by a peristaltic pump (LKB Pharmacia, Bromma,

is of interest in the search for antimicrobial agents. One of Sweden) at the outlet of the calorimeter in a sucking mode.

such methods that is robust enough to be used in the studySettling of cells and depletion of oxygen in the fermenter

of antimicrobial agents is calorimetry. This technique is ap- was avoided/minimized by vigorously stirring the culture

plied in different fields of science with high precision and with a magnetic stirrer.

sensitivity. One of our aims is, therefore, to use calorimetry  To satisfy the contradicting requirements for a high flow

in the investigation of the mechanism of action of antimi- rate (to avoid settling of cells and exhaustion of substrates

crobial agents and evaluate its credibility as compared to theduring the residence time in the tubing system) and a slow

often-used standard microbiological methods in testing the one (to allow sufficient temperature equilibration, to curtail

effects of antimicrobials. heat generation by friction and avoid reduced sensitivity of

the calorimeter), a pumping rate of 56 mitwas chosen for
investigations with a prevailing aerobic metabolism, at least

2. Materials and methods in the first few hours of bacterial metabolism and growth.
Although it was not the main motto of our present research,
2.1. Honey source but as the calorimetric sensitivity and hence the experimental

results could be affected, the effect of pumping rate on the

The two stingless bee honeys employed in our investi- sensitivity of the calorimeter was determined by electrical
gations were obtained from two regions in Ethiopia, where calibration of the calorimeter at different pumping rates with
they are used as multifaceted folk medicine. Unlike honey- phosphate puffer of pH 7.0.
bee honeys that are sold on every market, the stingless bee The flow calorimetric line and the calorimetric vessel were
honeys are rare and can be bought only in certain regionssterilized by circulating a solution of 10%28, and 2%
from experts that are involved in collecting such honey. Our H>SO4 in 60% ethanol for 30 min before and after each
honey samples were: (i) Honey B (HB) obtained from Bahir experiment. After the allocated sterilization time the flow
Dar (135N and 3728E) northwest Ethiopia, at an alti- calorimetric setup was cleaned with potassium-phosphate
tude of 1830 m above sea level, (i) Honey T from Tem- buffer of pH 7.0 for 1 h.
ben (1353N and 3953E) northern Ethiopia, at an alti- After the flow-line was properly sterilized and cleaned
tude of 1500 m above sea level. The vegetation in both re- with the buffer, the growth medium (Standard | nutrient
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broth, Merck, Lot VL 630582) was circulated for at least Due to the multitude ofp—t curves from the different
30 min to establish a stable base line. A 200noculum of treatments only representative curves of few bacterial strains
an overnight Standard | nutrient broth culture was then in- will be dealt with.
oculated and allowed to grow. All calorimetric experiments  Treatments ofB. megaterium with a 1:10 dilution of
were performed with the four species of Gram-positive Honey B in the calorimetric exponential growth phase re-
and two species of Gram-negative bacteria mentioned insulted in a total mortality of cells and hence in a drop of the
Section 2.2. p—t curve to the baseline. In contrast, the treatment with the
Treatment of the bacteria was done at the mid-late log- same dilution of Honey T reduced the heat production rate
arithmic phase of bacterial growth by adding 2200, 1100, by 40% from 0.42 to 0.2pW ml~! (Fig. 1a and b). Treat-
400, and 20@ul of honey into the 20 ml bacterial culture  ment of this bacterium with a 1:20 dilution of HB dropped
to achieve a final honey dilution of 1:10, 1:20, 1:50, and thep-t curve from 0.40 to 0.24W ml~1, which afterwards
1:100, respectively. In addition to the treatments at the ex- ascended slowly and achieved a plateau at @\®4nl—1.
ponential growth phase, some experiments were also run byBut the treatment with 1:20 diluted HT brought the heat
adding honey of different dilutions into the fermenter after production rate down from 0.31 to 0.2V ml~1, followed
the calorimetric curve has dropped to the “calorimetric death by a quick ascend of th@-t curve to achieve a broad
phase.” peak at 0.3@W ml~1 accompanied by a slow drop of the
The concentration of oxygen in the flow-line and the num- curve with incubation time. The treatment with 1:50 dilu-
ber of colony forming units (CFU) were monitored parallel tion of HB resulted in a drop of thp—t curve from 0.48 to
to the calorimetric experiments for selected bacterial species.0.36pW ml— (Fig. 1a—3). This level was maintained for
Measurement of oxygen concentration was done by incor- nearly 1 h and subsequently ascended to achieve a peak at
porating an oxygen electrode (WTW Cellox 325 connected 0.41uW miI~1, lower than the control peak. However, the
to WTW Multi 340i Datalogger, Weilheim, Germany) in the treatment with a 1:50 dilution of HT (Fig. 1b—3) reduced
flow-line at the sample outlet of the calorimeter. As the ster- the heat production rate from 0.41 to 0,8% ml~1, which
ilizing chemicals were too aggressive to be used with the rebounded immediately with a slope similar to that before
oxygen electrode, the electrode had to be sterilized sepa-treatment (0.20W ml~1h=1). As exemplified inFig. 1 if
rately with only 70% ethanol. Due to the labor intensiveness a peak or plateau is achieved after treatment with a weak
of the procedure of dismantling the setup, sterilizing sepa- concentration of honey, it is always lower than the level of
rately and assembling the flow-line with the oxygen elec- the control peak.
trode incorporated, this experiment was done only Nbr As seen in almost all treatments and representdeidpyl,
luteus, a representative obligate aerobe, andHorcoli, a the treatment with a given dilution of honey caused an im-
facultative anaerobe, which showed a unique curve. In addi- mediate drop of the—t curve lower than the level that is
tion to its labor intensiveness, the chance of contaminating achieved some minutes later. This is because 20ml of
the sterile flow-line is also very high. the total medium is in the fermenter a’Xdml circulating
The number of CFU was determined by removingub0  in the flow-line. Thus, the added honey is diluted at the be-
of culture from the outlet of the calorimeter (inlet of the ginning only in the 20- X ml culture in the fermenter, and
fermenter) at intervals of half an hour. The samples were not in 20ml. The dilution factor at the beginning is thus
serially diluted and plated on Standard | nutrient agar, grown lower than the final one after uniform mixing of the honey.
for 24 h and the number of CFU was counted. When a uniform mixing is attained after few minutes, the
The control experiments for each honey dilution were curve rebounded to a true stable level achieved by the cor-
performed by adding a volume of distilled water that equals responding treatment. The stable levels of fhe¢ curves
the corresponding volume of honey, to elucidate the drop after treatment, not the initial troughs, were considered in
in the heat production rate due to a “dilution effect” of the the calculation of percentage residual heat production rates.
liquid added rather than the antimicrobial activity. Percentage residual heat production rate is the ratio of the
The calorimetric signals were amplified (1000x) and values after treatment and before treatment, multiplied by
recorded as power—time (p-t) curves by a two-channel 100.
recorder (BD5, Kipp, and Zonen). As the number op-t curves for all bacterial species and
treatments is too large to present as figures, the residual heat
production rates versus honey dilution factors are presented
3. Results as dose—response curves (Fig. 2a and b). In addition, MIC
values obtained by the calorimetric method are compared
The sensitivity of the calorimeter is negatively affected by with those from petridish bioassay and spectrophotometric
the pumping rate and decreases with an increasing rate. At aechniques (Table 1). As can be seen clearly (Fig. 2a), treat-
pumping rate of 1.5mlIh!, the calorimeter had a sensitivity ment with 1:10 HB resulted in no residual heat production
of 70V mW~1. The pumping rate used in our experiments rate except foP. syringae which had a remnant value of
(56 mlh1) was associated with a calorimetric sensitivity of 20%. High diversity of antibacterial activity against the dif-
61.6wV mw-1L, ferent bacterial species was observed at a 1:20 HB Rith
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Fig. 1. Effect of treatment of the bacteriuBr megaterium with different dilutions of: (a) Honey B; and (b) Honey T of the stingless Begona spp.
on thep-t curve.

megaterium displaying a residual heat production rate of up however, the sensitivity of bacteria changed from a residual
to 65%, whereaB. subtilisandB. brevis showed no life ac- heat production rate around 60%, exceptBoibrevis with
tivity (Fig. 2a). The antibacterial activity of 1:100 HB was 22%, after treatment with 1:10 HT to 85 to 100% for 1:100
almost negligible. In case of treatments with HT (Fig. 2b), HT.

Table 1

Minimal inhibitory concentration (MIC) of two honey samples of the stingless Tregpona spp. against various bacterial species determined by petridish
bioassay, spectrophotometry at 546 nm, and calorimetry

Bacteria HB HT

Petridish Spectrophotometry Calorimetry Petridish Spectrophotometry Calorimetry
B. brevis 1<MIC <5 2<MIC <5 1<MIC <2 5< MIC < 10 5<MIC < 10 l1<MIC <2
B. subtilis 5 < MIC < 10 2<MIC <5 <1 20 < MIC < 50 5<MIC < 10 2<MIC <5
B. megaterium 5 < MIC <10 2<MIC <5 1<MIC <2 20 < MIC <50 5<MIC < 10 2<MIC <5
M. luteus 20 < MIC < 50 2<MIC <5 l1<MIC <2 20 < MIC < 50 > 10 2<MIC <5
E. cali 20 < MIC < 50 >10 l1<MIC <2 20 < MIC < 50 > 10 2<MIC <5
P. syringae 20 < MIC < 50 2<MIC <5 <1 20 < MIC < 50 5<MIC < 10 1<MIC <2

The values are percentage concentration of honey. Mean3.
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Fig. 2. Residual heat production rates of different bacterial species after treatment with various concentrations of: (a) Honey B; and (b) Honey T of the
stingless bedrigona spp. presented as percentage of the heat production rate after divided by that before treatment. Mean=va8ues,

Simultaneous recording of the heat production and oxy- curve 2 h before. Thp-t curve ofE. coli (Fig. 4) showed a
gen consumption rates together with counting of the number unique feature in that the heat production rate dropped from
of colony forming units was done fovl. luteus, as a repre-  a peak of 0.622W ml~! to 0.21uW mI~! and rose again to

sentative of the obligate aerobic bacteffiég( 3) and forE. a plateau phase of about @8 ml~1. During the whole pe-
coli, a facultative anaerobe, displaying a uniqué curve riod cell density rose continuously till to a stationary phase
(Fig. 4). These simultaneous recordings were mainly donewith 12 x 10’ CFUmI~L. The oxygen concentration in the
to evaluate the reliability of the calorimetric method. flow-line dropped continuously until it achieved a constant

The microbial metabolic and growth events taking place concentration of 2. moll~—1 (Fig. 4a).
in the fermenter during the first few hours of growth were  After treatment oE. coli andM. luteus with 1:20 HB, the
represented by an initial lag phase followed by an exponen-heat production rates and numbers of CFU dropped and the
tial rise for heat production rate and the cell number and an concentration of oxygen increased (Figs. 3b and 4). Follow-
exponential drop for oxygen tension. These events contin- ing the drop in the heat production rate and CFWofuteus
ued similarly up to the peak of heat production rate. After to lower values, both stayed at a plateau level for some time
the peak the heat production rate dropped steeply and oxy-and started increasing whereas the oxygen concentration in
gen concentration in the flow-line continued dropping to a the flow-line dropped gradually (Fig. 3b). After thet curve
constant concentration of 20molI~L. During this time the of E. coli dropped drastically due to treatment at the ex-
number of CFU increased till to the stationary phase with a ponential growth phase, it remained at about G.@8ml—1
cell density nearly twice as much as that at the peak githe  with a corresponding CFU of 1.5 10’, whereas the con-



104 A. Garedew et al./ Thermochimica Acta 415 (2004) 99-106

0.7 250 r 16
0.6 3 F 14
— /\ F 200 ~
E = F12
S 051 \% 2
o =, —
e Lisoz [10F
E 99 2 =
a &L -
l— Ere s
5 03 —— (02 o E
L =
'5 3 CFU 100 S F6 ©
Lo =
-] 2 4 2
50 O
0.1+ 2 L2
0.0 T T T 0 -0
0 2 4 6 8
(a) Incubation time (h)
0.6 250 - 8
Treatment
¢ —
0.5 — [02]
- ’ CFU b 200 ~
= =
g = to
= = H
Z 04 4 &
= 150 g E
s .g ;-.;
g 03 4 / € k4 %
= @ ~
o bsd =
= L 100 =
2 2 ©
a 024 3
3 2 1o
T 3 Lsg &
0.1 1 .
‘_— V\ i
00 L] T T O - 0
0 2 4 6 8

(b) Incubation time (h)

Fig. 3. Typical time course of volume specific heat production rateaxygen concentration [£), and number of colony forming units of the bacterium
M. luteus: (a) without treatment (control); and (b) after treatment with a 1:20 diluted Honey B of the stingleSsiga® spp.

centration of oxygen remained at a higher level at about of an actively metabolizing and growing culture reduces the
170pmol I=1. In general, the treatment with 1:20 HB caused heat production rate to a lower value since the physiological
an immediate increase in the concentration of oxygen in status of the culture changes from a reproductive plus basic
the flow-line, and corresponding decreases in the number ofmetabolism to basic metabolism alone. As the bacterial cul-
CFU and the heat production rate of both bacterial species.ture treated with the bacteriostatic concentration of honey,
1:20 HB, shows only a metabolism of maintenance, the heat
production rate remains at a constant level. The antibacterial
4. Discussion activity of HT is mainly bacteriostatic, inhibiting cell growth
(Fig. 1b). The gradually decreasing heat production rate of
The calorimetric results clearly demonstrated the mode the bacterial culture after treatment with different concentra-
of action of the two honey samples. High concentration of tions of HT could be an indication that cells are dying with
HB (1:10 dilution) displayed bactericidal activity dropping a prolongation of the incubation time. This mode of bacte-
the p-t curve to the baseline immediately after treatment riostatic action is typical for some antimicrobial agents that
keeping it at this level for the rest of the experimental pe- act on the cell wall and cell membrane of the bacteria by
riod (Fig. 1a). As the dilution factor doubled to 1:20 the disrupting the integrity of these structures making the cell
nature of antibacterial activity changed from bactericidal to “leaky” and inhibiting their repair by hindering synthesis of
bacteriostatic. The bacteriostatic activity is displayed by a new cell membrane/cell wall components, leading to grad-
plateau phase of the-t curve after treatment, achieved af- ual death. The disruption of cell membrane and cell wall
ter an initial drop of the heat production rate. The treatment integrity by some antimicrobial agents, such as antibiotics



A. Garedew et al./ Thermochimica Acta 415 (2004) 99-106

105

100
—&— B. brevis
—w— B. subtilis
—8— B. megaterium
80 1 —— L. coli
;\? —h— M. [uteus
E’ —— P. syringae
S 60 4
f=t
=
k31
3
=]
240 1
3
jas)
20 4
O e T T
1:10 1220 1:50 1:100
(a) Dilution factor
100
80 -
9
&
S 60
=
.2
51
=
"8
5 404 —8— B. brevis
§ —w— B. subtilis
T —&— B. megaterium
20 4 —— /.. coli
—a&— M. luteus
—8— P.syringae
O T T T T
1:10 1:20 1:50 1:100
() Dilution factor

Fig. 4. Typical time course of volume specific heat production ratedxygen concentration [£), and number of colony forming units of the bacterium
E. coli: (a) without treatment (control); and (b) after treatment with a 1:20 diluted Honey B of the stingleSsiga®a spp.

that mainly act against Gram-positive bacteria by inhibit- the physiological status of the organisms in the fermenter
ing peptidoglycan synthesis and hence disrupting cell wall and in the flow-line could be provoked under stress condi-
integrity, is an already established fact. This phenomenontions. The simultaneous recording of heat production rate,
of disrupting cell wall integrity by the honeybee product, oxygen concentration in the flow-line and CFU demonstrates
propolis was demonstrated by us against the Gram-positivethat thep-t curve is a true picture of the metabolism in the
bacteriumM. luteus [9]. fermenter only in the first hours before thet curve attains

The dose-response curves obtained in the calorimetricits peak. During this period heat production rate and number
experiments demonstrated that the antimicrobial activities of CFU increase while oxygen concentration in the flow-line
increase with increasing concentration of both honey sam- decreases significantly (Figs. 3a and 4a). Later on, the calori-
ples. Comparison of results from the two honey samples metric curve is no more a good indicator of the metabolic
shows that HB has a stronger antimicrobial activity than HT. activity in the fermenter due to depletion of oxygen in the
It might be due to the fact that it acts both as bactericidal flow-line [9,10]. Thus, the calorimetric death phase is actu-
at higher and bacteriostatic at lower concentrations, whereally the late exponential and stationary growth phase of the
as HT is mainly bacteriostatic against the bacterial speciesbacterial culture in the fermenter, as displayed by the simul-
tested. taneously monitored cell density.

Since the calorimetric vessel and the fermenter are sepa- The MIC values obtained for a certain honey sample
rated by an unavoidable geometric distance, a difference inagainst a given bacterial species were highly affected by the
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method employed. The petridish bioassay method is the lessinvestigations mainly to tackle problems that could not be
sensitive of the three methods used followed by the spec-solved with the other methods, it is a very reliable and
trophotometric method. The calorimetric method showed the robust technique.

highest sensitivity displaying even the antibacterial activity

of very low honey concentrations (Table 1). One of the su-
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At first glance, it seems that the inoculum size affects the
calorimetric results too, but it does not have any influence.
Treatment is usually done at the logarithmic growth phase
and cell density can exactly be determined at any point on _ _ _
the p—t curve in this phase. Thus, treatment can be done at ™ Zfé_gﬂg’éan‘ .M. Smith, G.M. Reid, J. Apicult. Res. 27 (4) (1988)
a precisely determined cell density of the culture. The only 5 r A. cooper, P.C. Molan, K.G. Harding, J. App. Microbiol. 93 (2002)
role played by the size of the inoculum is on the length of 857.
the lag phase, which has nothing to do with the treatment at [3] R.C. Moellering, Am. J. Med. 99 (Suppl. 6A) (1995) 11S.
El b

The only Ilmlt_atlons observed with the_ calqumetrlc [6] A Gare(’jew, E. Schmolz, I. Lampprecht, J. Apicult. Sci. 47(1) 2003
method are that (i) only one sample can be investigated ata =~ 37_49.
time and hence it is time-consuming; (ii) it needs expertise [7] J.L. Rios, M.C. Recio, A. Villar, J. Ethnopharmacol. 23 (1988) 127.
and hence the chance of introducing error is high unless [8] F. White, The Vegetation of Africa. A descriptive memo to accom-
care is taken; (iii) it is expensive to use in routine laboratory ~ Pany the Unesc/AETFAT/UNSO Vegetation map of Africa, United

. . . . N . . . nations, UNESCO, Switzerland, 1983 p. 356.
investigations; and (iv) it should be used in connection with [9] A. Garedew, I. Lamprecht, Thermochim. Acta 290 (1997) 155.

other methoqs such as pol_a_rography if investigation iS_ 10 [10] R. Holzel, Ch. Motzkus, I. Lamprecht, Thermochim. Acta 239 (1994)
be done at higher cell densities. Therefore, for non-routine 17.
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