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a  b  s  t  r  a  c  t

World  production  and  consumption  of  pharmaceuticals  has  been  steadily  increasing.  Anti-infectives  have
been  particularly  important  in  modern  therapy  of microbial  infection.  Sulfonamides  have  been  widely
used  for  a long  time  as anti-infectives  and  are still  widely  prescribed  today.  This review  presents  the  most
common  types  of  sulfonamides  used  in  healthcare  and  veterinary  medicine  and  discusses  the  problems
connected  with  their  presence  in  the  biosphere.  Based  on  the  analysis  of over  160  papers,  it  was  found  that
eywords:
ulfonamides
iotransformation
cotoxicity
nvironmental risk

small  amounts  of sulfonamides  present  in  the environment  were  mainly  derived  from  agricultural  activ-
ities.  These  drugs  have  caused  changes  in  the  population  of  microbes  that  could  be potentially  hazardous
to  human  health.  This  human  health  hazard  could  have  a global  range,  and  administrative  activities  have
been  ineffective  in  risk  reduction.

© 2011 Elsevier B.V. All rights reserved.
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. Introduction

World production and consumption of pharmaceuticals has
een steadily increasing at a rate higher than the rate of global
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population growth. After use, large amounts of drugs have been
discharged into the environment in the form of human and animal
excretions and unused waste [1].  The persistence of pharmaceu-
ticals in the environment, the rate of their spreading and their
ability to accumulate in the biosphere has differed. However, their

high biological activity indicates that these drugs, even in trace
amounts, could cause significant changes in the biosphere. An
example of such changes in the last decade of the 20th century is
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http://www.sciencedirect.com/science/journal/03043894
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thesis of nucleic acids and thus proteins [18,27]. SNs also inhibit
ig. 1. The possible fates of SNs residues and resistance genes (SNsR) in the envi-
onment.

he phenomenon of feminization of fish by sex hormones caused by
nthropogenic pollution of European rivers [2].  For these reasons,
harmaceuticals have been classified as particularly dangerous
ollutants for the environment. As a result, research and multi-
ational projects (e.g., REMPHARMAWATER [3],  POSEJDON [4],
NAPPE [5],  ERAPHARM [6],  and ECO-SENS [7]) have been carried
ut to find answer to the following questions:

Which pharmaceuticals have the greatest environmental risk?
How can we effectively control the amounts and effects of drugs
on the environment?
How can we successfully reduce their release into the environ-
ment?

Antibiotics are a group of pharmaceuticals with effects on the
nvironment that could be particularly harmful to human health.
nfortunately, their frequency in environmental samples is very
igh [1,5,8–18].

Historically, sulfonamides (SNs) have been used as synthetic
ntibiotics the longest. Recently the large quantities of SNs are used
n animal husbandry in particular as veterinary medicines. Based
n these drugs, we can obtain a reliable estimation of the effects
nd consequences of prolonged use of anti-infectives on people’s
ealth and on the environment. A report for State Office for Nature,
nvironment and Consumer Protection of North Rhine-Westphalia
Germany) published in 2007 has been presented the literature
eview on effects of the introduction of SNs to the environment
1].  In the majority of published articles, the authors assessed the
isk caused by SNs almost exclusively on the basis of their use,
oxicity, and removal efficiency from the environment. The data
resented in this context led to the conclusion that the presence
f drugs in the environment was a negligible problem regarding
uality of life. However, in the majority of articles, the effect of anti-

nfectives in the generation of drug resistance in microbes was not
onsidered.

The effect of antibiotics occurring in the environment to the
eneration and prevalence of drug-resistant microorganisms is

ssential from the human health point of view (Fig. 1.). This influ-
nce has been much more widespread in the last decades due to
he globalization process.The aim of the work is to show that:
HO

Fig. 2. Chemical structure of SNs with bacteriostatic properties.

• excessive amounts of SNs are introduced to the biosphere (a com-
mon  practice is illegal and/or without control administration of
SNs to healthy farm animals),

• a local concentration of SNs in the environment and risk associ-
ated with this issue are very high,

• SNs can remain in the environment for a long time,
• SNs present in the environment are active in the generation of

drug resistance in bacterial cells (including cross resistance to
drugs).

2. Physicochemical properties of SNs

Since the early 1940s, over 150 SNs, sulfanilamide derivatives,
have been applied in human and veterinary medicine as antibacte-
rial drugs [19].

The formula of structure presented in Fig. 2 corresponds to the
synthetic antimicrobial agents that contain the sulfonamide group.
Such a molecule should have a free amino group (–N4H2) at one
end.

SNs are a group of synthetic bacteriostatic drugs classified by
the Anatomical Therapeutic Chemical (ATC) classification index as
a group of antibacterial drugs for systemic use (the subgroup J01E)
[20]. Many SN derivatives have also been used as antiprotozoal
agents [21] and herbicides [19], and complexes of SNs with Ag+ and
Zn2+ have been used as antifungals [22]. Moreover, SNs have been
the most commonly used components of more composite drugs
with trimethoprim (TMP). The characteristics of commonly used
SNs are presented in Table 1.

SNs are polar molecules with amphoteric properties. Their
amino nitrogen (N4) is protonated at pH 2–3, while the amide nitro-
gen (N1) is deprotonated at pH 4.5–11 [10,23]. The SNs presented
in this text are small molecules (molar mass 177–300 g mol−1),
are water soluble (with the exception of SGM and sulfasalazine)
and have low Henry’s constant (1.3 × 10−12–1.8 × 10−8) values
[9,10,24]. They are slightly sorbed by soil (the soil partition coeffi-
cient values are 0.6–7.4 l kg−1) [9].  Thus, these SNs are easily and
quickly spread in the environment, but their properties should limit
their accumulation in defined biotopes. SNs do not easily adsorb
onto activated carbon [1,4]. They are classified as photo- and ther-
mally stable substances at the degradation half-life (DT50) >1 year
[24]. They can undergo alkaline hydrolysis and coupling reactions
with phenols and amines and easily react with the hydroxyl radical
HO• [10,11,25].

3. Mechanism of antibacterial activity of SNs

As shown in Fig. 3, antibacterial SNs act as competitive inhibitors
of the enzyme dihydropteroate synthease (DHPS) which catalyses
the conversion of para-aminobenzoate (PABA) to dihydropteroate
(AHHMD), a precursor of folate synthesis. Tetrahydrofolic acid
(THF) participates in the synthesis of nucleic acids that are essen-
tials as building blocks of DNA and RNA.A mechanism of action of
herbicidal SNs is similar.As a result, it is possible to inhibit the syn-
the permeability of the bacterial cell wall for glutamic acid, which
is also an essential component in folic acid synthesis. However, SNs
do not inhibit the growth of microorganisms that:
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Table  1
Common names, CAS number and structure of selected SNs.

Common name of SNs CAS number ATC classification index Abbreviation –R

Sulfanilamide 63-74-1 J01EB06, D06BA05, QJ01EQ06 SAD –H
Sulfacetamide 144-80-9 S01AB04 SCT –COCH3

Sulfacarbamide 547-44-4 J01EC20 (with SDZ and SDM) SC –CONH2

Asulam (herbicide) 3337-71-1 – –COOCH3

Carbutamide 339-43-5 A10BB06 –CONH(CH2)3CH3

Sulfathiourea 515-49-1 J01EB08 STU –CSNH2

Sulfaguanidine 57-67-0 A07AB03 SGM C(NH2)2

Sulfathiazole 72-14-0 D06BA02, J01EB07, QJ01EQ07 STZ

S

N

Sulfafurazole, Sulfisoxazole 127-69-5 J01EB05, S01AB02, QJ01EQ05 SSZ

O N

CH3

H3C

Sulfamethoxazole 723-46-6 J01EC01, QJ01EQ11 SMX

ON

CH3

Sulfamoxole 729-99-7 J01EC03 SMM

O

N

CH3

CH3

Sulfapyridine 144-83-2 J01EB04, QJ01EQ04 SPY
N

Sulfadiazine 68-35-9 J01EC02, QJ01EQ10 SDZ
N

N

Sulfamethoxine, Sulfamethoxydiazine 651-06-9 J01ED04 SMO
N

N
OCH3

Sulfamerazine 127-79-7 J01ED07 SMR N

N

CH3

Sulfamethazine, Sulfadimidine 57-68-1 J01EB03, QJ01EQ03, QP51AG01 SDM
N

N

CH3

CH3

Sulfadimethoxine 122-11-2 J01ED02, QJ01EQ09, QP51AG02 SDT
N

N

OCH3

OCH3

Sulfamethoxypyridazine 80-35-3 J01ED05, QJ01EQ15 SMP

NN
OCH3

Sulfachloropyridazine 80-32-0 SCP

NN
Cl

Sulfadoxine 2447-57-6 QJ01EQ13 SDX
N

N

•
•
•

4

a

need the presence of folic acid in the environment,
possess a high concentration of PABA, or
have modified metabolic pathways (drug resistance).
. Use of SNs

SNs are active against a broad spectrum of Gram-positive
nd many Gram-negative bacteria including species of the genus
OCH3H3CO

Streptococcus, Staphylococcus, Escherichia, Neisseria, Shigella,
Salmonella, Nocardia, Chlamydia and Clostridium. Moreover, SNs
have used against protozoa (e.g., Toxoplasma gondii),  parasites (e.g.,
Plasmodium malariae), and fungi (e.g., Pneumocystis carinii).
SMX, SCT or sulfasalazine belong to SNs commonly used in
human medicine while SDM, SDT, SMR, SDZ, STZ are used most
frequently in veterinary medicine (different SNs have been used in
different countries). Moreover, SNs have been added to animal feed
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Fig. 3. The schema of SNs pathways, based on Wilson & Gisvold

remix used in young animals feeding. For example in Denmark in
009 the consumption of SNs with TMP  per kg of meat produced
as as follows [28]:

pigs 4.82 mg,
cattle 17.2 mg,
broilers 0.033 mg,
farmed fish (aquaculture) 58.5 mg.

oreover, SNs can be used in commercial beekeeping (they protect
oney bees against bacterial diseases e.g., American foulbrood).
In agriculture, sulfonamide Asulam has been widely used as a
erbicide. It is effective against dicotyledonous weeds e.g., barn-
ard grass (Echinochloa crus-galli), velvet grass (Holcus lanatus),
ild oat (Avena fatua) and broadleaf dock (Rumex obtusifolius).
H

tbook of Organic Medicinal and Pharmaceutical Chemistry [26].

However, the use of Asulam could lead to the contamination of
honey with SNs residues [29]. In 2008, it has been withdrawn from
use in the EU countries.

5. Estimated usage of SNs

An accurate assessment of the global consumption of all drugs
would be difficult, if not impossible. The authors of the KNAPPE
project have estimated that the global consumption of pharma-
ceuticals used in human and veterinary medicine has reached
100,000 tonnes per year [5].  Based on information from the Union of

Concerned Scientists, Sarmach et al. indicated that, at the beginning
of the 21st century, Americans consumed 16,000 tonnes of antibi-
otics per year [9].  SNs used in veterinary medicine accounted for
approximately 2.3% of the total amount of antibiotics. In European
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ig. 4. The dynamics of consumption of SNs and TMP  in Denmark in the years
990–2009 [28,31].

ountries, this value ranged from 11 to 23% [9].  According to other
uthors, the worldwide consumption of antibiotics (anti-infective
rugs) ranged from 100,000 to 200,000 tonnes per year, includ-

ng 50–75% that were used in veterinary medicine and animal
usbandry [1,24].  It has been possible that each year more than
0,000 tonnes of SNs, with bacteriostatic properties, have been

ntroduced into the biosphere (not counting drugs introduced as
erbicides).

Since the end of 20th century, Scandinavia and other countries in
urope and North America have imposed restrictions on the use of
ntibiotics (including SNs) in animal husbandry. The use of antibi-
tics as growth promoters in animal husbandry in the European
nion has been banned since January 1, 2006 [30]. However, reports
n the consumption of pharmaceuticals in different countries have
ot shown a reduction in the use of these drugs.

Fig. 4 presents the dynamics of SN with TMP consumption in
enmark in the years 1990–2009 [28,31]. A decrease in the use of
Ns in animal husbandry occurred in the mid-1990s and is asso-
iated with the introduction of administrative restrictions related
o the application of these drugs in animal feed. Although the ban
as been still in place, the use of SNs in agriculture is similar as in
994. In our opinion, the plots in Fig. 4 illustrate global trends in
onsumption of SNs in livestock farming and medicine.

. Occurrence of SNs in the environment and food

The first publication containing quantitative data about the
resence of SNs in river water was published in 1982 [9].  How-
ver, systematic studies on the quantitative determinations of SNs
n environmental matrices became possible after the development
f highly sensitive analytical methods. According to data from the
.S. Environmental Protection Agency the limit of detection during

outine analytical procedures using SPE/HPLC-MS/MS techniques
or the selected SNs was  below 10−9 g l−1 (e.g., for SDT, the limit of
etection was 1 × 10−10 g l−1). A detailed statement of the analyt-

cal techniques and limits of detection of drugs (including SNs) in
nvironmental samples has been discussed by García-Galán et al.
18] and Seifrtová et al. [32]. At the described level of detection,
Ns were detected in 27% of rivers and streams in the USA [11], in
lmost all surface waters in France and Tajwan [33,34],  and in 100%

f wastewater samples [13,35,36].  According to Vulliet and Cren-
livé, in the Rhônee Alpes region of Frances the frequencies of SMX

n surface and groundwater were 37 and 66%, respectively [37]. In
ommercially available, Italian natural mineral water the frequency
s Materials 196 (2011) 1– 15 5

of SNs was 50% (in 4 of the 8 investigated samples) [38]. García-
Galán et al. [36] described in detail the frequency of occurrence of 19
selected SNs in wastewater. Moreover, metabolites of SNs, mainly
N4-acetyl sulfonamides (N4-AcSNs), were also identified in envi-
ronmental samples [11,39]. SNs concentrations in the environment
underwent significant fluctuations, which were mainly dependent
on the type of matrix and the type of SN [36]. Additionally, the
results obtained may  have depended on the sampling site, the day
of the week [40] and even the time of day [41]. However, it was
important to note that the data concerning the determination of
SNs in environmental samples could contain significant errors. The
cause of this may  be imperfection of the analytical procedure used
and the incorrect (incomplete) extraction of samples. For example,
the recovery of SNs from soil samples ranged from 5 to nearly 294%
but the authors have found that the “presented method is charac-
terized by good selectivity” [42]. The recovery efficiency depends
on various parameters including extraction/purification strategies
[43] and the type of matrix [44].

A summary of the occurrence of SNs, depending on the matrix,
is shown in Fig. 5, and the maximal values are given in Table 2. The
presented data are based on the maximum values described in the
literature.

SNs concentrations in samples increased as follows: seawa-
ter < ground water < surface water < treated sewage < untreated
(raw) municipal sewage < hospital sewage < activated
sludge < soil < runoff from farmland < leachates from land-
fill < manure. Due to the low concentrations and low abundance
of SNs, the presence of trace amounts of these drugs in drinking
water was  not considered a significant problem. The maximum
concentrations were found in freshly removed bedding [58] and
manure from pigs fed diets that contained SNs, mainly SDM
[59]. This SN occurred in almost 50% of samples (the average
concentration of the drug was 7 mg  kg−1). Additionally, other SNs
were identified in tested samples (e.g., for SDZ, the maximum
concentration was 35.2 mg  kg−1). Fortunately, even short-term
storage of manure could result in a significant reduction in the
concentration of SNs [58].

The highest allowed concentrations of SNs in food were estab-
lished in administrative regulations. The European Union adopted
a maximum SN concentration of 100 �g kg−1 in animal foodstuffs
[61]. In Poland, the maximum permitted concentration of Asulam
in fruits and vegetables is 0.5 mg  kg−1 [62].

The occurrence of SNs in tissues of farmed fish has been inci-
dental, e.g., in Slovenia, SNs residues were found in 14 of the 2363
samples [63]). SNs residues in edible marine food were detected
rarely, however the concentration of SNs in tissue of common eel
(Anguilla anguilla) was  above 5 mg  kg−1 [64].

In EU countries, the occurrence of SNs residues in edible tissues
of farm animals has been insignificant. According to “Report for
2006 on the results of residue monitoring in food of animal origin
in the Member States” SNs, at concentrations above their maximum
allowed limits, were detected in 0.006, 0.05, 0.08, 0.97 and 3.86%
of samples of poultry, bovines, pigs, eggs and rabbits, respectively
[65]. Although the use of SNs in beekeeping is banned in the EU, the
frequency of these drugs in honey samples is high. In Poland, it has
been estimated that almost 10% of honey samples contain excessive
amounts of SNs i.e., above the allowed maximum concentration.

The results reported by the Chinese researchers are much less
optimistic. High concentrations of SNs were determined in pig
offal (almost 74 mg  kg−1 of SDT and 73 mg  kg−1 of STZ) and poul-
try offal (46 mg  kg−1 of SDZ) [66]. Even more worrying is the fact
that 75% of meat samples contained SNs at the total concentration

>100 �g kg [67].

SNs could be absorbed and accumulated by plants fertilized with
manure (the highest concentrations of SNs are determined in roots
and leaves [9,68–71]. For example, the maximum concentration
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Fig. 5. Occurrence of the sele

f SDM determined in corn, tomatoes and lettuce was 0.1 mg  kg−1

69]. Migliore et al. [71] reported that cosmopolitan weeds (Ama-
anthus retroflexus and Plantago major)  showed a high tendency
o bioaccumulate. In the tissues of these plants cultured in the

edium containing SDT the accumulation rates were 2314 and
065 mg  kg−1, respectively [71].

In our opinion, although the data presented in this section are

ased on the maximum values, it is possible that they can be
nderestimated. A commonly routine practice is the excessive and
rophylactic use of antibiotics in animal husbandry and the use of
anure as a fertilizer. Therefore, the local real concentrations of

able 2
oncentrations of SNs in the environment.

Matrix Meana/the most described SNs 

Drinking waters 2.1 (0–8.5 [8])  �g l−1 (SMX); 0.011 �g l−1 (SMX
Bottled mineral water 0.164 ng l−1 (SDT) [38] 0.047 (0.013–0.080) �g
Ground water 0.80 (0.0099–1.11 [14]) �g l−1 (SMX) 

0.053  (0.0002–0.09148 [45]) �g l−1 (SDT) 

Surface water 0.87 (0.015–18 [8])  �g l−1 (SMX) 

2.26  (0.0108–19.2 [46]) �g l−1 (SDM) 

Sea  water 0.0475 �g l−1 (SMX) [47] 

Drainflow/leachate 379.78 (0.66–703.2 [48]) �g l−1 (SCP) 

Influent/wastewater 46.58 (0.05–1340 [33]) �g l−1 (SMX) 

61.11 (0.0269–500 [49]) �g l−1 (SDM) 

Hospitals wastewater 17.78 (0.3–79.9 [51]) �g l−1 (SMX) 

1.28  (0.353–2.2 [51]) �g l−1 (SDZ) 

Effluent (after WWTP) 0.517 (0.00366–6.0 [53]) �g l−1 (SMX) 

1.26 (0.005–4.27 [50]) �g l−1 (STZ) 

Sludge  (after WWTP) 22.56 (0.01–113 [54]) �g kg−1 (SMX) 

99.1  (1.2–197 [54]) �g kg−1 (SPY) 

Soil 211.6 (0.16–860 [56]) �g kg−1 (SNs)

Manure 27.30 (0.23–167 [1]) mg kg−1 (SDM) 

59.07 (35.2–91 [1]) mg kg−1 (SDZ) 

Waste  landfill 

a Calculated based on maximal values given in tables.
b Number of papers.
c Predicted environmental concentration.
d Dry weight.
wastewater /sludge

Ns depending on the matrix.

SNs in the biosphere are much higher. Additionally, this effect is
difficult to control due to the high mobility of SNs in the environ-
ment. For these reasons, the excessive use of manure containing
SNs as fertilizer should be banned.

7. Ecotoxicity of SNs
The toxicity of SNs to higher organisms (vertebrates) is not high.
According to the EU directive 93/67/EEC, SNs under investigation
can be classified as non-toxic or harmful [72]. The results described
in the literature indicate that SNs do not exhibit mutagenic or

nb Maximal values

) [37] 4 8.5 �g l−1 (PECc for SMX) [8]
 l−1 (SMX) [38] 2 0.080 �g l−1 (SMX) [38]

11 3.461 �g l−1 (SCT) [45]
3 <1.11 �g l−1 (SMX) [14]

39 19.2 �g l−1 (SDM) [46]
12 >25 �g l−1 (all SNs) [43]

1 0.0475 �g l−1 (SMX) [47]
7 703.2 �g l−1 (SCP) [48]

31 1340 �g l−1 (SMX; from
pharmaceutical production) [33]

17 1158.68 �g l−1 (STZ; agricultural
wastewater) [50]

6 12.8 �g l−1 (SMX) [52]
2 PEC 92.8 �g l−1 (all SNs) [51]

30 6.0 �g l−1 (SMX) [53]
4 4.27 �g l−1 (STZ; effluent of

agricultural WWTP) [50]
6 197 �g kg−1 dwd (SPY) [54]
2 31 �g kg−1 (SDM) [55]

10 400 �g kg−1 (STZ; agricultural soil)
[57]
PEC 860 �g kg−1 (SCP; soil pore
water estimation) [56]

7 395.730 mg kg−1 (SDT; in bedding
– day 0) [58]

3 167 mg kg−1 (SDM) [59]
1600 �g l−1 (all SNs) [60]
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arcinogenic (teratogenic) activity [73]. On the other hand, in
he report “Environmentally Classified Pharmaceuticals 2009”, SNs
ere considered as highly toxic drugs [74]. The discrepancies

etween these reports probably result from different criteria used
o define a risk. Directive 93/67/EEC is based on the environmental
isk posses by pharmaceutical substances while “Environmentally
lassified Pharmaceuticals” report assesses both environmental
isk (based on the acute toxic risk to the aquatic environment)
nd additionally persistence and bioaccumulation of SNs in the
nvironment (based on the information published by the Swedish
ssociation of the Pharmaceutical Industry [74]).

Fig. 6 illustrates the toxicity of SMX  to selected test organisms.
Important data on the SNs ecotoxicity were summarized in

rticles by García-Galán et al. [18] and Isidori et al. [73]. SNs are
ractically non-toxic to most microorganisms tested [4,18,73,75],

ncluding selected strains of bacteria, such as Vibrio fischeri, Ente-
ococcus faecalis, Escherichia coli, Pseudomonas aeruginosa, and
taphylococcus aureus.  For example, the L(E)C50 values deter-
ined using the Microtox® test (V. fischeri)  ranged from 16.9 to

18.7 mg  l−1 (for SMX) to >1000 mg  l−1 (for STZ) [73,76,77].  Strong
acteriostatic properties caused by the SNs could significantly
hange the functioning of microorganisms living in the environ-
ent, for example a significant reduction of their microbial activity

78]. Additionally the number of less sensitive (resistant) strains has
ncreased and the number of strains sensitive to SNs has decreased.
hiele-Bruhn and Beck showed that the disposing of urine that con-
ained even a low concentration of SPY (0.02 mg  kg−1) into the soil
esulted in a significant reduction of microbial activity [78]. It was
ound that, in the case of SPY, the EC10 values for soil organisms
anged from 0.00014 to 0.16 mg  kg−1 (the microbial Fe(III) reduc-
ion test) and from 0.0071 to 0.056 mg  kg−1 (the substrate-induced
espiration test) [79].

However, the most sensitive assays for the presence of SNs are
ioindicators containing chlorophyll [9,18,73]. A highly toxic effect
f SMX  on Synechococcus leopoliensis (EC50 = 0.0268 mg l−1) was
escribed by Ferrari et al. [77]. In the case of SMX, the no observed
ffect concentrations (NOECs) for algae (Pseudokirchneriella subcap-
tata and S. leopoliensis) and gibbous duckweed (Lemna gibba) were
.090 [77], 0.0059 [77] and 0.01 mg  l−1 [4],  respectively. This indi-
ates that even low concentrations of SNs may  significantly affect
he growth and development of plants.

SNs can accumulate in various organisms in the food chain, and
his accumulation could lead to a local increase in toxic effects
nduced by these drugs [9,10,70,71]. In addition, the toxic effects
f SNs and other pollutants could exhibit a synergism [11,80,81].
t environmental exposure levels (samples contained 13 microp-
lutans, including SMX  at the concentration of 46 ng l−1) the drug
ix  inhibited the growth of human embryonic cells HEK293, with

he highest effect observed as a 30% decrease in cell proliferation
ompared to controls [81].

Since there has not been sufficient extensive experiments in
atients with a single overdose of SNs the maximum tolerated dose

n humans are unknown [82]. In laboratory experiments, acute oral
verdoses of SNs in animals (LD50) were as follows:

in rats 10,000 mg  kg−1 (SSZ),
in rabbits 2000 mg  kg−1 (SSZ),
in mice 5700 mg  kg−1 (SSZ), 16,500 mg  kg−1 (SCT),
3700–4200 mg  kg−1 (SAD), 4500 mg  kg−1 (STZ) [83].

Exemplary adverse effects associated with overdosage of SNs in

umans include nausea and cutaneous hypersensitivity reactions.
ther adverse effects e.g., stomatitis, hemolysis, methemoglobine-
ia, hepatotoxicity and renal toxicity occur rarely. SNs can cause

nteraction with other drugs, for example with methotrexate,
s Materials 196 (2011) 1– 15 7

sulfonylureas, wafarin, mercaptopurine, cyclosporine or didano-
sine [84].

In our opinion, direct toxic effects caused by SNs occurring in
the environment do not appear to be a significant threat to pub-
lic health. Potential possible cases of direct toxic effects of SNs on
human may  be sporadic. On the other hand, the occurrence of SNs
residues in food, particularly in the case of illegal or improper use of
these drugs, can be a more serious problem. According to Dolliver
et al., SNs residues in food products do not pose a threat and/or
adverse effect to human health but “development and spread of
antibiotic resistance, which is a major problem globally” [69].

8. Degradation of SNs in organisms and in the environment

Possible products of the biotransformation and degradation of
SNs are shown in Fig. 6. A detailed discussion of these processes is
presented in the next sections.

8.1. Metabolism of SNs in mammals

A large part of the SNs dose is excreted from organisms as
unchanged compounds. For example, 75% of SMR  could be excreted
from the body in its parent form [1].  However, in general, over
80% of an SN dose undergoes biotransformation in mammals. The
degree of transformation of each SN depends both on its type
and the features of the organism. Biotransformation of SNs is
mainly based on oxidation, acetylation or hydroxylation at the N4-
nitrogen atom or glucuronidation of the N1- or N4-nitrogen atoms
[1,10,11]. It is assumed that, after oral administration, 50–70% of
the dose is excreted in urine as N4-AcSNs, and 15–20% as N1-
glucuronides [1,10].  The metabolites of SNs do not possess high
biological activity as unchanged SNs. However, this activity could
be easily restored during in vitro conditions [11,85].  The concentra-
tions of metabolites other than those listed above are small and are
likely not significant in the environment. Reviews of possible paths
of SNs biotransformation were described in the papers of Sukul and
Spiteller [10] and García-Galán et al. [11].

8.2. Biodegradability of SNs

The opinions of researchers on the biodegradability of SNs have
been divided [1,4,10,17,24,86]. The cause of this may  be the differ-
ences in microbial activity of the matrix, the inoculum used, and
the applied methods used to assess SN degradation (Table 3). The
stability of various SNs is also different; for example, SDM is more
(10x) resistant to biodegradation than STZ.

The results of standardized tests, such as the ISO 11734:1995
and OECD 301D, and the assessment of soil microbial activity sug-
gest that most of the SNs do not undergo natural biodegradation.
One of the most often described SNs in the literature is SMX, which
has been regarded as a non-biodegradable compound (in pure
water, seawater, natural water and wastewater or active sludge) in
9 of 24 articles [1,4,24,86,89,91,97–99]. According to Weifen et al.
[114], in the presence of shrimp (Penaeus chinensis), the DT50 value
for SMX  is 5.68 h. Ingerslev and Halling-Sørensen [92] found that,
in the presence of microorganisms in activated sludge, the DT50
of SNs is only ∼7 h. De Liguoro et al. [58] stated that, in the case
of SDT, the DT50 for microbial degradation in fresh bedding is ∼1
day. Similarly, equally rapid degradation of SDT has been described
by Wang et al. [87]. These authors have observed an increase in the
DT50 value with increasing initial concentrations of SDT in fresh and
sterile manure. In these cases, most of the SNs were incorporated

into microorganisms and/or underwent only reversible transfor-
mations, such as acetylation [11,85]. The rapid disappearance of
SNs in soil and manure could be an effect of binding between SNs
and organic or mineral particles [85,88,93] or could be caused by



8 W. Baran et al. / Journal of Hazardous Materials 196 (2011) 1– 15

0,001

0,01

0,1

1

10

100

1000

10000

100000

P
.

ag
gl

om
er

an
s

P
. a

er
ug

in
os

a
(4

8h
)

V
.fi

sc
he

ri
(5

m
in

)
V

. f
is

ch
er

i
(1

5m
in

)
V

. f
is

ch
er

i
(3

0m
in

)

C
. f

re
ud

ii 
(2

4h
)

A
ct

iv
ed

 s
lu

dg
e

(2
0d

)
A

M
E

S
 te

st
(7

2h
)

C
.

m
en

eg
hi

ni
an

a
S

.
ca

pr
ic

or
nu

tu
m

 
P

. s
ub

ca
pi

ta
ta

(9
6h

)
C

. v
ul

ga
ris

(4
8h

)
S

. s
ub

sp
ic

at
us

(7
2 

h)
S

. l
eo

po
le

ns
is

(9
6h

)

L.
 g

ib
ba

 (7
d)

H
. a

tte
nu

at
a

(9
6h

)
D

. m
ag

na
(2

4h
)

D
. m

ag
na

(4
8h

)
D

. m
ag

na
(4

8h
)

C
. d

ub
ia

 (4
8h

)

C
. d

ub
ia

 (7
d)

T.
 p

la
ty

ur
us

(2
4h

)
B

. c
al

ci
flo

ru
s

(2
4h

)
B

. c
al

ci
flo

ru
s

(4
8h

)
M

. m
ac

ro
co

pa
(4

8h
)

O
. m

yk
is

s 
(E

A
)

O
. l

at
ip

es
(9

6h
)

D
. r

er
io

 (9
6h

)

C
hi

ld
re

n
(P

N
E

C
)

Bacterium Dia-
tom

Algae Aqua
tic

Gni-
daria

Crustacean Rotifer In
verte

Fish Mam
mals

L(
E

)C
50

 (m
g 

l-1
) o

r (
m

g 
kg

-1
)

oxicity

p
c
S
(
[
a
m

S
u
f
c
d

i
t
a
c

8

u
T
w
[
[
p
m
t
a
w
c
T
f
f
r
o
b

Fig. 6. Comparison of SMX  t

hotochemical processes (on the soil surface, in the presence of Fe
ompounds and nitrates) [107,115].  Most researchers recognized
Ns as poor or non-biodegradable compounds in the environment
in pure water, surface water and in soil with a DT50 > 30 days)
24,74]. The fact that SNs occurred so often in test samples could
lso be considered as evidence of their persistence in the environ-
ent.
In our unpublished study on the biodegradation of SAD, STZ,

MX  and SDZ applied to natural matrices, we found that, in individ-
al cases (STZ under aerobic conditions, in wastewater and water
rom the swamp), the DT50 was less than 2.5 days. In the remaining
ases, the DT50 values for SDZ, SAD and SMX  were >5, >8 and �31
ays, respectively.

In our opinion the read stability data related to SNs residues
n the environment (especially for SMX) are generally much higher
han the data reported by other researchers in the cited articles. The
bove-described high frequency of SNs in environmental samples
an confirm this assumption.

.3. Physicochemical methods of degradation of SNs

The efficiency of SNs degradation using the most commonly
sed chemical and physicochemical methods is presented in
able 3. The high degradation efficiency of SNs in wastewater
as obtained using various advanced oxidation processes (AOP)

1,4,101,105,108,116,117], such as the use of O3, Cl2, and ClO2
1,101,116–118], the Fenton reaction [105,116] or photocatalytic
rocesses [85,105,116,117].  Unfortunately, the application of these
ethods is costly and could be harmful to the environment due

o the formation of highly toxic intermediates [118]. Moreover,
 decrease in the efficiency of AOP with an increase in overall
astewater pollution was observed [108]. This fact made it diffi-

ult to apply these methods directly to remove SNs from manure. In
able 3, examples of other methods used to remove contaminants
rom the aquatic environment without their degradation or trans-

ormation (non-destructive methods) are presented. SNs can be
emoved from wastewater with nearly 100% efficiency by reverse
smosis [1,4,24,109,110]. However, with this method, there could
e a problem with wastewater containing concentrated solutions
plant brate

 to selected test organisms.

of toxins (including SNs) [110]. In the case of substances resis-
tant to biodegradation, there could be a local, risky increase in the
concentration of these toxins in a small area [119].

The physico-chemicals methods (particularly AOP) can be effec-
tive and very useful in the degradation of SNs. In our opinion, it
is not excluded that their environmental degradation is the result
of photochemical reactions initiated by sunlight in the presence of
natural photosensitizers, and not only of biodegradation processes.

9. Removal of SNs from wastewater

Opinions on the efficiency of SN removal in conventional
biological-mechanical treatment plants are divergent. Similar dif-
ferences occur during the assessment of the biodegradability of
drugs (Table 3). Onesios et al. [120] analyzed 49 cases of the removal
of SDZ, SDM, SMX  and SPY from wastewater in wastewater treat-
ment plants (WWTPs). Based on the analysis of recent publications,
−280 to 100% of SNs were removed using activated sludge (AS)
(Table 4). The mean degree of SN removal in these cases was ∼24%.

According to the data published in 2010, SMX  was removed from
the selected WWTPs in Spain in the range of 30–92% [35]. However,
there are also cases in which the concentration of SNs in effluent
was higher than that in the influent [4,86,134,138].  This effect was
described in a pilot WWTP  in Austria [90] and in Switzerland [138].
This effect is likely caused by hydrolysis of the N4-AcSNs present in
wastewater to the parent SNs [11].

A conclusion of this problem may  be found in the data from
the study by Turkdogan and Yetilmezsoy [109]. These authors
have estimated that 80% of used antibiotics enter the environment
despite the use of various processes in WWTPs (based on the data
from Turkey, without regard to SNs). Importantly, a large part of
SNs may  be adsorbed in WWTPs by biomass [132] and could return
again to the environment.

10. The environmental risk assessment
The majority of researchers have used the method recom-
mended by the European Medicines Evaluation Agency (EMEA) for
environmental risk assessment. This method uses the results of
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Table  3
Biotransformation, degradation and other methods of SNs removal.

Matrix Methods Efficiency DT50

Biotransformation
Human <90% (SNs) [1,11]
Animal 50–90% (SNs) [11]
Manure 0% after 28 days (SDZ) [1]; 10% after 11 weeks

(SDM) [1]; 25% after 15 days (SDT)
>30 days (SNs) [1] 1.36–2.56 days (SDT) [87]; 7
days (SDM) [1]; 61 days (SDT) [58], 127 days
(SCP) [88]

Bedding 99.5% after 28 days (SDT) [58] 1 day (SDT)[58]
Wastewater 41 (0–90)% (SNs) [1,89]

Membrane bioreactor 70–90% (SMX) [1,90]
Activated sludge 42 (−138 to 99)% (SMX) [86,91]

kbiol = 0.1–10 l g SS−1 d−1 (SMX)a [4]
0.3–4.1 days (SNs) [92]

Soil  0% after 28 days (SDZ) [1]; 0.2–0.3% after 64
days (SDM) [1]

2.8–21.3 days (SCP) [88,93]; <10 days (SDM)
[1];  <15 days (SDZ) [1]

Sediment 0–90% after 28 days (SDZ) [1,94]; 20% after 180
days (in marine sediment) [1]

0.7 day (SDM) [94]; 4.9–10.1 days (SMX) [94]

Surface water 24 (0–82)% (SNs) [95,96]; practically
non-biodegradable (SMX) [1,91,97]

Pond water 15.8 (1.7–47.6) days (SNs) [94]
OECD 301D test Non-biodegradable after 40 days [1,98];

non-biodegradable in manure (SDT) [97]; 4%
after 28 days (SMX) [24]; BOD5/TOD <1.5%
(SNs) [99] BOD5/COD ≈ 0 (SMX) [89]

Physicochemical degradation
Pure water Photolysis >90% (at 254 nm; 2768 mJ  cm−2) [100]

HClO 6–181 s [101]
Fe(VI) 91–241 s [101]
ClO2 k = 2.2–103 l mol−1 s−1 [101]
Cl2 <88% after 2 h; k = 0.00025–0.0347 s−1 [102]
HO• k = 3.7–7.1 109 l mol−1 s−1 (SNs) [25]
O3 >90% (SMX) [1]; <99% after 60 min  [103];

k = 2.5–106 l mol−1 s−1 [101]
O3/H2O2 <99% after 20 min  [104]
Photo Fenton <100% (at 5 Einstein m−3) [89]
Fenton >90% after 10 min (SNs) [105]

Pure water TiO2 ∼100% after 180–300 min  (SNs) [99]; 88% after
360 min  [106];

∼20 min (SAD)[107]

Wastewater 15–30% after 60 min  (SNs) [108]
Pure water TiO2/FeCl3 <90% after 90 min (SAD) [107] ∼4 min (SAD) [107];
Wastewater 62–84% after 60 min  (SNs) [108] 11–42 min (SNs) [108]

Non-destructive methods
Permeate Reverse osmosis ∼100% [109,110]
Concentrate −58% [110]

Microfiltration −18% [109]; 0–90% (SMX) [1]
Bank filtration 25% (SMX) [111]
Adsorption 89–98% Micelles; 45–58%

Activated carbon [112]; ∼0% [1,4]
Hospitals wastewater Coagulation Al2(SO4)3 ∼0 (−50 to 21.3)% [112]
Pure water Ionic treatment >90% (SNs) [113]
Effluent MIEX® resin 40–90% (SNs) [113]
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a kbiol kinetic constant for pseudo first order biodegradation (l gSS−1 d−1), suspen

oxicological studies and is based on calculating the hazard quotient
HQ) as the ratio of the PEC value to the predicted no-effect concen-
ration (PNEC) [1,4,13,17,18,24,72–76,109,141]. The method for the
etermination of these values was described in detail by Koschor-
eck et al. [24], Park and Choi [75], Kim et al. [76] and Lopes de Souza
t al. [141]. A similar method is based on a calculation of the MEC/
NEC ratio in which MEC  is the maximum environmental concen-
ration [1,8,35,73,75].  Typically, values of HQ < 1 indicate that the
ubstance analyzed could be considered environmentally safe.

A comprehensive review of the data on the HQ values for 5
elected SNs was published by García-Galán et al. [18]. Although the
resented HQ values were mainly obtained for SMX, they are sig-
ificantly different. The selected data on the HQ values calculated
ased on the available literature and this review [18] are shown in
able 5.
However, the maximum HQ values have probably negligible
mportance. According to Schwab et al. [8],  the concentrations of
Ns in the environment do not pose a risk to human health. More-
ver, according to Environmentally Classified Pharmaceuticals
lids concentration (gSS l−1) [4].

(2009), the environmental risk of SNs is specified as insignificant
[74]. On the other hand, data on the quantity of these drugs in
matrices such as manure, wastewater from agricultural fields and
pharmaceutical industries indicate that, in these cases, SNs could
cause serious problems for the environment. The potential nega-
tive effects on the soil microorganisms of SNs present in manure
and bedding are especially alarming (Table 5). Moreover, changes in
the genotypes of microorganisms are often not taken into account.
In contrast to the toxic effects, these changes could easily be trans-
ferred, even to species in other biocenoses.

11. Generation of drug resistance

In populations of bacteria that are sensitive to specific antibi-
otics, there are intrinsically occurring strains that are resistant to

at least one drug (natural resistance). As a result, these resistant
bacteria can survive, multiply and spread to others in the fam-
ily [7,9,12,30].  In Nicole Kemper’s article [12] on the influence of
veterinary antibiotics on the environment, the author formulated
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Table  4
Efficiency of WWTPs (full scale, pilot and lab scale).

WWTP  SNs Influent (�g l−1) Efficiency (%) Ref.

Guangzhou, China (AS, F, S or Cl2) SDZ 5.10–5.15 ∼100 [121]
SMX 5.45–7.91

Wisconsin, USA (AS) SDM 0.11; 0.21 ∼100 [122]
SMX  0.13–1.25 17.8–100

Fort  Collins, USA (Drake water reclamation
facility)

SDM 0.52 >93 [123]

SMX  0.68 38
Taiwan (AS or trickling filter, Cl2 or UV) SNs/SDZ 0.06–0.51 20–82 [124]

SMX 0.179–1.760 26–88
Laboratory scale up-flow bio-reactors SDT 10 66 [125]

SDM 46
SMX  76
SDT 2 93
SDM 72
SMX 90

Terrassa, Spain (CAS, MBR) SMX 0.25–1.3 74 ± 13 [126]
Japan  (AS, Cl2) SMX  0.18 26 [127]

0.44 26
SDT 0.07 62

Erie  County, USA (extended aeration; rotating
contactors; pure oxygen aeration)

SMX  0.72–0.88 36–77 [128]

Pearl  River Delta, South China, (AS, oxidation
ditch, Cl2, UV)

SMX 0.01–0.118 0–64 [55]

SDZ 0.072 50
SDM 0.696 50

Čakovec, Croatia SMX  0.3 2 [129]
0.7  92

Braunschweig, Germany (AS) SMX  0.82 24 [130]
Slaughterhouse, Beijing, China,

(anaerobic–anoxic–oxic or anaerobic–oxic
processes)

SAD max 1.2 54–91 [131]

SMO  max  0.215 60–89
SCP max  0.057 60–82
Sulfaquinoxaline max  0.103 73–85

Brisbane, Australia (CAS, advanced wastewater
treatment)

SNs 0.362 25 [110]

Northwest Ohio, USA, Tokyo, Japan, (AS) SDT 0.0047 >67 [132]
SPY 0.495 4.6 [133]
SMX  0.104 62

AS+F  SPY 0.495 18.6
SMX  0.104 72

As+F+O3 SPY 0.495 95
SMX 0.104 96

Austria (MBR pilot plant or CAS) SMX  −280 to 61 [90]
Kloten/Opfikon or Altenrhein Swiss, (MBR pilot

plant or CAS)
SMX 0–91 [134]

CAS  (n = 20) SMX  −138 to 99 (33) [86]
MBR  (n = 3) 57–90 (73)
CAS  N4-AcSMX kbiol = 5.9–7.6 l gSS−1 d−1 [135]
MBR  kbiol = 3.2–5.0 l gSS−1 d−1

CAS and MBR  SMX/SDM kbiol < 0.1 l gSS−1 d−1

Spain (AS or biologic filters) SDZ 43–98 (69) [35]
SMX  30–92 (74)

Jamaica Bay SMX  62 [136]
Albuquerque, USA SMX  27 [137]
Turkey (CAS) SNs 25 [109]
Swiss  (CAS) SPY 0.06–0.15 −107 to 72 [138]

SMX  0.23–0.57 −138 to 60
N4-AcSMX 0.85–1.6 85–96

(Fixed-bed reactor) SPY 41; 52
SMX  −61; 29
N4-AcSMX 81; 86

(Sand  filtration) SPY/SMX −21 to 0
(Primary wastewater treatment) SPY/SMX −29 to 21

N4-AcSMX 9–21
Stanley and Shatin, Hong Kong SMX  0.1465 68.2 [139]

0.3555 95.7
SDZ 0.0730 72.8

Luxemburg SMX  max  = 0.155 75 [140]

AS, activated sludge; CAS, conventional activated sludge; F, filtration; S, sedimentation; Cl2, chlorination; MBR, membrane bioreactor; O3, ozonation; UV–UV illumination.
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Table  5
Ecotoxicological data on the HQa value (based on the available literature).

Matrix Maximal values of HQ calculated based on data
from Table 2

Maximal values of HQ presented in the
literature (only for SMX)
Comments

Drinking water 8.5b/0.05c = 170 (SMX) 0.0097 [8] For child drinking water and fish consumption,
US

Surface water 18/0.05c = 360 (SMX) 59.30 [77] Acute toxicity test, Germany
19.2/201d = 0.9552 (SDM)

Wastewater 1340/0.05c = 26800 (SMX) 22.96 [35] For algae, Spain
Aquatic environment – 6.3 [76] The PEC of test pharmaceuticals was estimated

based on several conservative assumptions,
Korea

Hospital wastewater 12.8/0.05c = 256 (SMX) 15.1 [51] For hospital effluent, Germany
Soil  395.73e/0.00014f ∼= 2.8 × 106

a HQ = P(M)EC/PNEC.
b PEC.
c PNEC = NOEC/10 for S. leopoliensis.
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d For D. magna.
e SDT; in fresh bedding.
f The microbial Fe(III) reduction test for SPY.

he following thesis: “Resistance is provoked by repeated expo-
ition of bacteria to sub-lethal dosages of antibiotics, as realized
y continuing manuring with contaminated faeces on land used
griculturally”. Although the natural resistance to pathogenic bac-
eria has not been transferred between strains, the formation of
rug resistance by the transfer of “resistance” genes between bac-
erial cells belonging to different strains, or even genera, during one
ecombination process (horizontal gene transfer) may  have con-
ributed to the dissemination of drug-resistant bacterial species
n a large scale. As a result, these strains may  occur in ecosys-
ems theoretically not exposed to chemotherapeutics [142–144].
or example, Pallecchi et al. described the occurrence of drug resis-
ance in 67% of members of the Guaraní Indian community of Alto
os Athletic (Bolivia) [143]. Drug resistance against one group of
rugs may  favour the generation of drug resistance to other drugs
r disinfectants [145]. Due to the importance of pathogenic resis-

ance to human health, programs for monitoring microorganism
esistance in Europe and the Americas have been implemented
7,142,146]. For example, the ECO-SENS project has collected and

able 6
issemination of SNs resistance genes (sul1, sul2 and sul3).

Matrix SNs-resistant isolates positive
for sul1-3 genes (%)

Pigs 11-84(sul1), 19-54(sul2), 3-46(sul3) 

Swine  

Cattle  

Dogs  and cats 

Laying  hens 

Pigs  18(sul1), 20(sul2), 18(sul3) 

Wild  small mammals 5(sul1), 1(sul2) 

Danish broiler faeces, and meat 11(sul1), 82–100(sul2) 

Broiler meat 26(sul1), 61(sul2), 8(sul3)  

Foodstuffs 69.8(sul1), 36.9(sul2), 1.4(sul3) 

Wastewater directly from swine farms 92
Shrimp ponds 43
City canal/fish ponds 72
Water-sediment and Manure 14(sul1), 96(sul2) 

Faecal samples 100(sul1–3) 

Urine
UK  1991 43
UK 1999 53.9 

UK  2004 57.5 

Europe before 1990 

Europe 1999–2000 

Healthy humans 33(sul1), 91(sul2), 5(sul3)  

Humans 16(sul1), 97.5(sul2) 

Animal, food and human 
analyzed drug resistance data in 17 European and American coun-
tries since the 1960s [7,142].

The resistance of pathogenic bacteria to SNs may  be due to struc-
tural changes in dihydropteroate synthase (DHPS, Fig. 3) that are
the effect of point mutations in the DHPS gene (folP) [147]. Thus,
these mutations affect the expression of the DHPS enzyme with
has a lower affinity for SNs. The spontaneous mutants of E. coli,
showing resistance to SNs as a result of the substitution of one or
more base pairs in the DHPS gene have been isolated in laboratory
[147].

SNs resistance may  be also distributed on mobile genetic ele-
ments, such as plasmids, transposons and integrons [148,149].
There have been three known genes encoding resistance to SNs
[144]. The sul1 gene is usually located on the 3′ conserved region of
class 1 integrons, which are a part of large conjugative plasmids and
Tn21-like transposons. The dissemination of this gene increased

with the prevalence of class 1 integrons in bacterial pathogens. The
sul2 gene was  first identified on the RSF 1010 plasmid in E. coli.
It is frequently located on large conjugative plasmids, e.g., pGS05,

SNs-resistant isolates (%) Ref.

50–97 [152]
81 [153]
22
20
26
50 [154]
6
15–18 [155]
45
92.5 [156]

(total of SNs resistant isolates
positive for sul genes)

[157]

[158]
[159]

39.7 [160]
46
45.5
0–5 [142]
9–26

[155]
74 [143]
100 [31]
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[19] A.E. Smith, L.J. Milward, Thin-layer chromatographic detection of the herbi-
cide  asulam in soils and the identification of sulphanilamide as a minor soil
2 W. Baran et al. / Journal of Ha

nd on small non-conjugative plasmids, such as pBP1, pHD148 and
SF 1010. The last two plasmids also carried genes associated with
esistance to streptomycin, and therefore, the resistance to SNs and
treptomycin are strongly linked together [150,151].  The sul3 gene
as been found in pathogenic E. coli isolated from swine. The dis-
emination of each sul1-3 gene depends on the location of sampling
ites and bacterial species. Among Gram-negative isolates resistant
o SNs, mainly E. coli and Salmonella,  the sul1 and sul2 genes are
ften found at almost an equal frequency [144]. Resistant bacte-
ial species commonly carried single genes, but in recent years, an
ncreased number of pathogens that possess three SNs-resistant
enes have been observed (Table 6).

In environmental matrices, the presence of organisms resis-
ant to SNs could be determined by detection of the genes
escribed above. Most often, bacterial resistance to SNs has been
escribed in E. coli, Salmonella enterica and Shigella spp. from the
anure of farm animals, from meat and meat products, from

ealthy humans with urinary infections and from wastewater
Table 6). However, all SNs-resistant bacterial species positive for
he sul genes and plasmids mentioned above were identified and
lassified as belonging to thirteen genera, namely Acinetobacter,
eromonas, Arthrobacter, Bacillus, Brachybacterium, Cellulosimicro-
ium, Enterobacter, Escherichia, Pseudoalteromonas, Pseudomonas,
higella, Vitreoscilla and Wautersiella [157].The most important facts
elated to drug-resistance include the following:

the use of antibiotics in veterinary medicine increases the drug-
resistance of microorganisms, including cross-resistance [9,161],
the presence of SNs in the environment increases the antimicro-
bial resistance of microorganisms [9,12],
the number of bacterial strains resistant to SNs increases system-
atically in recent years [7,160],
SNs have shown the highest drug resistance, almost twice as high
as tetracyclines and many times higher than other antibiotics
[153].

2. Conclusions

Antibacterial SNs are a group of drugs still commonly used in
human and veterinary medicine. Used SNs could be spread into
the environment in an almost entirely biologically active form or
could recover activity.
Opinions on the possibility of SNs removal in conventional
WWTPs are divergent. There are known technologies that could
completely degrade SNs in WWTP. However, nearly 80% of used
SNs have reached the biosphere. This indicates that some exist-
ing, modern technologies are not able to manage the degradation
of SNs.
SNs introduced into the environment likely remain there for a
long time and could spread easily and infiltrate groundwater.
The frequency of SNs in tested environmental samples is very
high.
SNs have a very low toxicity to higher organisms (vertebrates)
and are highly toxic to microorganisms, algae and certain plants.
SNs occurring in the environment favour the generation of drug
resistance. SNs resistance genes may  be transferred into the envi-
ronment.

High concentrations of SNs in the environment occur inciden-
ally (in manure from livestock), but due to a gene transfer process,

heir relevance to the global change of drug resistance may  be much
arger than expected. The risk caused by the generation of drug
esistance by anti-infectives drugs is much higher than the risk
aused by their toxicity.
s Materials 196 (2011) 1– 15

These facts indicate that the problem presented here has a
serious global importance in ecology, and limitations of antibi-
otic consumption in individual countries will not solve this
problem. The data also pointed to the need to search for effec-
tive and inexpensive methods of removing pollutants from the
environment.

Acknowledgements

This work was supported by Medical University of Silesia in
Katowice (Poland), Contract No. KNW-1-015/10.

References

[1] Eintrag von Arzneimitteln und deren Verhalten und Verbleib in der
Umwelt, Literaturstudie Fachbericht 2, Landesamt für Natur, Umwelt und
Verbraucherschutz Nordrhein-Westfalen, Recklinghausen, 2007. Available
from: http://www.lanuv.nrw.de/veroeffentlichungen/fachberichte/fabe2/
lanuvfabe2.pdf.

[2] L.B. Christiansen, M.  Winther-Nielsen, C. Helwig, Feminisation of fish.
The  effect of estrogenic compounds and their fate in sewage treat-
ment plants and nature, Danish Environmental Protection Agency, 2002.
Available from: http://www.mst.dk/udgiv/publications/2002/87-7972-305-
5/html/default eng.htm.

[3] ENVIRPHARMA, B. Ferrari, J. Garric, N. Paxéus, A. Pollio, Ecotoxicity of 6 phar-
maceuticals found in effluents of Sewage treatment plants and surface water
in Europe, Lyon, France, 14–16 April 2003.

[4] POSEIDON, Assessment of technologies for the removal of pharmaceuticals
and personal careproducts in sawage and drinking water facilities to improve
the indirect portable water reuse: detailed report, 2005. Available from:
http://poseidon.bafg.de/servlet/is/2888/.

[5]  KNAPPE, Ch.G. Daughton, I.S. Ruhoy, Knowledge and need assessment on
pharmaceutical products in environmental waters, 2008. Available from:
http://www.knappe-eu.org.

[6] ERAPharm, Environmental Risk Assessment of Pharmaceuticals, Publishable
final activity report, 2007. Available from: http://www.erapharm.org.

[7] G. Kahlmeter, The ECO-SENS Project: a prospective, multinational, multicen-
tre epidemiological survey of the prevalence and antimicrobial susceptibility
of urinary tract pathogens—interim report, J. Antimicrob. Chemother. 46
(2000) 15–22.

[8] B.W. Schwab, E.P. Hayes, J.M. Fiori, F.J. Mastrocco, N.M. Roden, D. Cragin, R.D.
Meyerhov, V.J. D’Aco, P.D. Anderson, Human pharmaceuticals in US  surface
waters: a human health risk assessment, Regul. Toxicol. Pharm. 42 (2005)
296–312.

[9] A.K. Sarmah, M.T. Meyer, A.B.A. Boxall, A global perspective on the
use, sales, exposure pathways, occurrence, fate and effects of veteri-
nary antibiotics (VAs) in the environment, Chemosphere 65 (2006)
725–759.

[10] P. Sukul, M.  Spiteller, Sulfonamides in the environment as veterinary drugs,
Rev. Environ. Contam. Toxicol. 187 (2006) 67–101.

[11] M.J. García-Galán, S. Díaz-Cruz, D. Barceló, Identification and determination
of  metabolites and degradation products of sulfonamide antibiotics, Tr. Anal.
Chem. 27 (2008) 1008–1022.

[12] N. Kemper, Veterinary antibiotics in the aquatic and terrestrial environment,
Ecol. Indic. 8 (2008) 1–13.

[13] A.Y.-Ch. Lin, T.-H. Yu, Ch.-F. Lin, Pharmaceutical contamination in residential,
industrial, and agricultural waste streams: risk to aqueous environments in
Taiwan, Chemosphere 74 (2008) 131–141.

[14] K.K. Barnes, D.W. Kolpin, E.T. Furlong, S.D. Zaugg, M.T. Meyer, L.B. Barber, A
national reconnaissance of pharmaceuticals and other organic wastewater
contaminants in the United States – I groundwater, Sci. Total Environ. 402
(2008) 192–200.
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[35] M. Gros, M.  Petrović, A. Ginebreda, D. Barceló, Removal of pharmaceuticals
during wastewater treatment and environmental risk assessment using haz-
ard  indexes, Environ. Int. 36 (2010) 15–26.

[36] M.J. García-Galán, M.S. Díaz-Cruz, D. Damià Barceló, Determination of
19  sulfonamides in environmental water samples by automated on-line
solid-phase extraction-liquid chromatography–tandem mass spectrometry
(SPE-LC–MS/MS), Talanta 81 (2010) 355–366.

[37] E. Vulliet, C. Cren-Olivé, Screening of pharmaceuticals and hormones at the
regional scale, in surface and groundwaters intended to human consumption,
Environ. Pollut. 159 (2011) 2929–2934.

[38] D. Perret, A. Gentili, S. Marchese, A. Greco, R. Curini, Sulphonamide residues
in  Italian surface and drinking waters: a small scale reconnaissance, Chro-
matographia 63 (2006) 225–232.

[39] K. Stoob, H.P. Singer, Ch.W. Goetz, M.  Ruff1, S.R. Mueller, Fully
automated online solid phase extraction coupled directly to liquid
chromatography–tandem mass spectrometry Quantification of sulfonamide
antibiotics, neutral and acidic pesticides at low concentrations in surface
waters, J. Chromatogr. A 1097 (2005) 138–147.

[40] Ch. Wu,  J.D. Witter, A.L. Spohgberd, K.P. Czajkowski, Occurrence of selected
pharmaceuticals in an agricultural landscape, western Lake Erie basin, Water
Res.  43 (2009) 3407–3416.

[41] W.  Xu, G. Zhang, S. Zou, X. Li, Y. Liu, Determination of selected antibiotics in
the Victoria Harbour and the Pearl River, South China using high-performance
liquid chromatography–electrospray ionization tandem mass spectrometry,
Environ. Pollut. 145 (2007) 672–679.
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[126] J. Radjenovič, M.  Petrovič, D. Barcelò, Fate and distribution of pharmaceuticals
in  wastewater and sewage sludge of the conventional activated sludge (CAS)
and advanced membrane bioreactor (MBR) treatment, Water Res. 43 (2009)
831–841.

[127] G.C. Ghosh, T. Okuda, N. Yamashita, H. Tanaka, Occurrence and eliminationof
antibiotics at four sewage treatment plants in Japan and their effects on bac-
terial ammonia oxidation, Water Sci. Technol. 59 (2009) 779–786.

[128] A.L. Batt, S. Kim, D.S. Aga, Comparison of the occurrence of antibiotics in four
full-scale wastewater treatment plants with varying designs and operations,
Chemosphere 68 (2007) 428–435.
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