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Nitrofurantoin (NF), a wide-spectrum antibiotic accessible since 1953, is utilized

widely to treat urinary tract infections as it usually stays active against drug-

resistant uropathogen. The use of Nitrofurantoin has increased exponentially

since new guidelines have repositioned it as first-line therapy for uncomplicated

lower urinary tract infection (UTI). To, although fluoroquinolones are usually

used to re-evaluate the first- and second-line therapies for treating

uncomplicated UTI, their level of utilization is thought to be inappropriately

excessive and will eventually have a detrimental impact; thus, we hypothesize

that NF might be the best choice for this condition, because of its low frequency

of utilization and its high susceptibility in common UTI pathogens. It can be

concluded from this review that NF can be considered as the most effective drug

in the treatment of acute urinary infection, but due to the long-term side effects

of this drug, especially in elderly patients, it is essential to introduce some criteria

for prescribing NF in cases of chronic UTI.

KEYWORDS

Nitrofurantoin, urinary tract infection, drug-resistant uropathogen, fluoroquinolones,
side effects
1 Introduction

Nitrofurantoin (NF) was identified in 1953 and was first recommended for the

treatment of cystitis in 2010 according to the Infectious Diseases Society of America

(IDSA) guideline (Sanchez et al., 2016).

Currently, 150 million Urinary Tract Infections (UTIs) are reported annually

worldwide, and drug-resistant infections usually require more complex treatment

regimens and are more likely to occur if treatment fails (Khoshbayan et al., 2022). NF is
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outstanding because NF is most extensively utilized in humans, and

its effectiveness in the treatment of lower UTIs and prophylaxis is

well established (Conklin, 1978). It is presently prescribed as first-

line UTI medical care due to the emergence of resistance to different

antibiotics such as carbapenem resistance (Conklin, 1978; Garau,

2008; Gupta et al., 2011; Matthews et al., 2016; Mohebi et al., 2016;

Kazemian et al., 2019). It has bacteriostatic and bactericidal effects

and is instantly excreted in high concentrations by the kidneys

(Komp Lindgren et al., 2015; Fransen et al., 2016). NF is

bacteriostatic in low concentrations (5-10 pg/mL) and bactericidal

in higher concentrations (Andriole, 1985). Other studies refer to the

therapeutic or prophylactic use of this antibiotic. In therapeutic

application, 50–100 mg q6h (regular-release formulation) or

100 mg q12h or q8h (slow-release formulation) and in

prophylaxis, 50–100 mg q24h is recommended (McOsker and

Fitzpatrick, 1994; Cunha et al., 2017; Fransen et al., 2017). With

this background, we summarized the NF data available as a valuable

choice in the treatment of acute urinary infection, but due to the

long-term side effects of this drug, especially in elderly patients, it is

essential to introduce some criteria for prescribing NF in cases of

chronic UTI.
2 Pharmacology (Pharmacokinetic
and Pharmacodynamics) and
Biochemistry of NF

NF is a redox-active antibacterial agent with the molecular

formula of C8H6N4O5 and the molecular weight of 238.16, and is

an oral antibiotic based on nitrofurans (Dos Santos et al., 2021). NF,

which is a member of the nitrofuran family composed of a furan

ring [five-membered aromatic ring with four carbon (C) atoms and

one oxygen (O)] is directly linked to a nitro group (-NO2) (FDA.

Macrodantin® (NF Macrocrystals) Capsules Product Information.

Cincinnati, OH, USA: Procter & Gamble Pharmaceuticals, 2009; 1–

12.) (Figure 1). In the market, NF is available in oral forms of

capsules, tablets, and suspension (oral suspension also known as

furadantin). NF is often prescribed in a dose of 50-100 mg 4 times a

day for 5 days (Gardiner et al., 2019; Dos Santos et al., 2021).

Table 1 summarizes these characteristics of NF. In terms of PK, NF

quickly reaches its therapeutic concentration level, so 90% of NF is

quickly exerted through the urine and that is why all its therapeutic

effects are restricted to the treatment of UTI. NF is 80-90% orally

bioavailable and its bioavailability is about 38.8-44.3%. It has a short
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half-life (20 minutes), is active only in the urinary tract, and has no

other systemic activity. Also, it is rapidly absorbed and eliminated,

with low plasma protein binding to plasma proteins or tissues. It is

well absorbed from the gastrointestinal tract and excreted

unchanged in urine (25–40%) and bile. It has been reported that

NF can accumulate in urine, with its effect enhanced by the acidic

pH of urine. The anti-bacterial activity of NF and its metabolites is

improved under acid conditions. Metabolites are formed

by bacterial enzyme reduction, but the precise structure and

antibacterial activity of each metabolite remains uncertain

(Beckett and Robinson, 1958).
3 Effect of food on PK

Most absorption of NF is done in the duodenum, so the presence

of food in GI tract leads to an increase in the time of gastric emptying.

Therefore, more NF dissolves in gastric juice before it reaches the

duodenum (Jaffe and JM, 1975).

The dissolution time hypothesis is supported by the results of

Naggar and Khalil, who showed that absorption increased when the

solubility of NF was increased by the addition of Mg2O8Si3 (Naggar

and Khalil, 1979).
4 Impact of NF on UTI

UTI is one of the most common bacterial infections and has two

complicated and uncomplicated forms which are differentiated by

symptoms and causative agents (Figure 2).

The uncomplicated form of UTI is often caused by

uropathogenic Escherichia coli (UPEC) strains in 80% of cases

(Klein and Hultgren, 2020), followed by Klebsiella pneumoniae,

Staphylococcus saprophyticus, Enterococcus spp., and group B

Streptococcus (GBS). Dysuria, frequency and urgency, suprapubic

pain and hematuria are the most common symptoms of UTI (Chew

et al., 2019; Ghanavati et al., 2018a). This infection occurs mostly in

all aged women (50-60), boys and the elderly. Moreover, the

predisposing factors include age, level of sexual activity of people

and pre-existing underlying disease (Klein and Hultgren, 2020).

Untreated UTI cases can cause sepsis with or without

pyelonephritis (Flores-Mireles et al., 2015), leading to death in

10-30%; therefore, UTI patients may sometimes need to be

admitted to the hospital (Komagamine et al., 2022). Values less

than or equal to 15 µg/mL are suitable for eliminating E. coli

(common cause of UTI) and more than 100 µg/mL for eliminating

Enterobacter spp. and Klebsiella spp (Cunha, 1988).

Conventional antibiotic therapy for acute uncomplicated UTI

includes trimethoprim-sulfamethoxazole, Cefpodoxime,

Cephalexin and Cefuroxime, Ciprofloxacin, Cefepime, Ampicillin,

Imipenem/Cilastatin and Trimethoprim-Sulfamethoxazole are

suitable choices for acute complicated form (Long and Koyfman,

2018). The emergence of antibiotic-resistant strains and elimination

of the microbial flora of the gastrointestinal tract and vagina may

occur following long-term use of these conventional antibiotics in

patients suffering from UTI (Kostakioti et al., 2012; Flores-Mireles
FIGURE 1

Chemical structure of NF (Wijma et al., 2018).
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et al., 2015). Fosfomycin and NF are two alternative antibiotics to

prescribe in cases of resistant strains, but NF is more effective than

fosfomycin and shows a greater effect on pregnant women

(Gardiner et al., 2019; Ghanavati et al., 2018b). Oral prescription
Frontiers in Cellular and Infection Microbiology 03
of NF in both liquid (25 mg/5 ml) and solid (100 mg) forms shows

an optimum effect on the treatment of UTI. Studies have shown that

oral NF is the best choice for prophylaxis before surgery and the

treatment of patients over age 12. Therefore, NF is currently used
TABLE 1 Characteristics of NF.

Antibiotic NF

Formula C8H6N4O5

Molecular weight 238.16

Bioavailability 38.8-44.3%.

PK 90% of NF quickly exerted through the urine,

Pharmacodynamics Disruption of Krebs cycle and interference in metabolism of carbohydrates, biosynthesis of proteins, cell wall and DNA

Dosage 50-100 mg 4 times a day for 5 days

Clinical use Urinary tract infection

Adverse effects Renal, pulmonary, hepatic and nerve failure/Drug induced fever
FIGURE 2

Complicated and uncomplicated UTI prevalence as well as causative pathogens.
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prophylactically in UTI cases specially against vancomycin-

sensitive and resistant strains (VRE and VRS) associated with

catheters as well as fluoroquinolones and aminopenicillins

resistant strains (Cunha, 2006). This can be the only antibiotic

that is effective in treating enterococcal strains instead of ampicillin.

Twenty-seven trials consisting of 4807 patients have

been conducted to analyze NF as a remedy for UTIs.

NF was determined to be clinically and microbiologically effective,

with clinical cure rates between 79% to 92% and microbiological

eradication rates of 80%–92%.
5 Antimicrobial effect of NF

In addition to the greatest effect on uropathogens, NF has an

inhibitory effect on a wide range of Gram-positive bacteria such as

Staphylococcus and Enterococcus and Gram-negative bacteria such

as Klebsiella and Citrobacter (Munoz-Davila, 2014). It seems that E.

coli as the most bacteria isolated from the uncomplicated UTI cases

is more inactivated by NF among other Gram-negatives, while

Enterobacter, Klebsiella, Citrobacter and Providencia are less

effective, and Pseudomonas, Proteus, Acinetobacter, Morganella

and Serratia are completely ineffective and show resistance to NF

(Naber et al., 2008; Gardiner et al., 2019). Mouse urinary tract

infection models have shown that the MIC required for treatment

with NF in an animal model is much lower than antibiotics such as

Sulfamethoxazole/Trimethoprim, Fosfomycin, Mecillinam,

Ciprofloxacin, and Cefdinir, and will eliminate more live bacteria

(Nakagawa et al., 2021).
6 Mechanism of action and
resistance rates

Following the activation of the nitro group in its molecular

structure by the cytochrome P450 reductase (Figure 3), NF affects

the protein synthesis machinery and ribosome in susceptible

bacteria (Wang et al., 2008) and disrupts Krebs cycle (citric acid

cycle) by inhibiting a series of enzymes involved in the metabolism

of carbohydrates (Cunha, 1989; Munoz-Davila, 2014), as well as cell

wall and DNA. This interference with vital processes leads to

bacterial death (Munoz-Davila, 2014).

For the first time, the resistance to nitrofurantoin has been

reported in E. coli which attributed to the presence of a mutation in

the gene coding for nitrofurantoin (nfsA), an oxygen-insensitive

enzyme. This mutation prevents the reduction of NF and the

subsequent production of toxic compounds (Race et al., 2005). In

addition to chromosomal gene, plasmid-mediated NF-resistant

strains also shows higher MIC and target nfsA and nfsB genes

(Sastry and Jayaraman, 1984; Ho et al., 2016). While the NF

breakpoint is defining as 32 mg/L, some resistant strains in

anaerobic conditions, shows decrease in the MIC value. This is

explained by the activation of the oxygen system and the presence of

oxygen-sensitive nitroreductase (type II), which are activated in the

absence of oxygen-insensitive type I reductases. Gautam et al. in

study which conducted in 2021, showed the increase in multi drug
Frontiers in Cellular and Infection Microbiology 04
resistant strains while there is no effective drug, has led to an

increase in the prescription of NF and its increasing resistance rate

(Gautam et al., 2021). In response to whether NF-resistant isolates

will emerge or not, it should be mentioned that although the

frequency of mutations in resistance to NF is high, treatment

failure seems to be rare, and considering that most urinary tract

infections are treated empirically, the desired antibiotic first must be

determined based on the sensitivity pattern therefore the

importance is to investigate NF-resistant strains to see whether

they are still treatable or not (Sandegren et al., 2008).

Bacterial flavoproteins can reduce the drug, leading to reactive

electrophilic intermediates that change or inactivate bacterial

molecules (Gleckman et al., 1979; McOsker and Fitzpatrick,

1994). As a prodrug, NF is activated by two kinds of oxygen-

insensitive nitroreductases, nfsA and nfsB (Le and Rakonjac, 2021).

High levels of resistance to NF (median MIC of 96 mg/ml) are

principally mediated by mutations in nfsA and/or nfsB (encoding

oxygen-insensitive nitroreductases) (Shakti and Veeraraghavan,

2015). Deletions in ribE also result in resistance due to inhibition

synthesis of Riboflavin/Flavin (vital cofactor of NfsA and NfsB(

(Vervoort et al., 2014; Sekyere and Asante, 2018). Efflux pumps are

the other factors that play a role in resistance to this antibiotic (Ho

et al., 2016). A study reported resistance rates of nitrofurantoin

from 2011 to 2019. In E. coli, Klebsiella spp, Proteus spp. and

Enterococcus spp. resistance rates were 4.8%, 46.0%, 100.0% and

4.8%, respectively (Hrbacek et al., 2020). The low resistance rate in
FIGURE 3

Scheme of NF mode of action and ROS generation. p450,
cytochrome P450 reductase; NADPH, Nicotinamide Adenine
Dinucleotide Phosphate Hydrogen; SOD, superoxide dismutase;
H2O2, hydrogen peroxide.
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E. coli and Extended Spectrum Beta-Lactamase (ESBL) producing

Enterobacteriaceae may be due to different mechanisms of action

(Huttner et al., 2015).

A study conducted by Ahmed et al. showed that the pattern of

antibiotic resistance in E. coli as the most common pathogen

causing UTI, was as follows: Ampicillin (86%), Amoxicillin

(76%), Tetracycline (71%), Trimethoprim-Sulfamethoxazole

(64%), Cephalexin (61%) and Cephalothin (60%), respectively.

Also, this strain has the highest antibiotic sensitivity to Imipenem

(86%), NF (82%), Amikacin (79%) and Ciprofloxacin (72%)

(Ahmed et al., 2019). According to a systematic review by Bryce

et al., the prevalence of antibiotic resistance to such common

antibiotics in UTIs caused by E. coli such as Ampicillin,

Trimethoprim, Co-amoxiclav, Ciprofloxacin and NF largely differ

in different countries. In this way, the OECD (Organization for

Economic Co-operation and Development) countries have much

less antibiotic resistance, which is attributed to the availability of

common antibiotics. In other words, NF in some countries have

much lower antibiotic resistance than in non-OECD countries.

When common antibiotics are routinely used in the treatment of

UTIs, they have contributed more to antibiotic resistance (Bryce

et al., 2016). Regarding the effect of NF on resistant pathogens,

Tulara et al. evaluated the effect of Fosfomycin and NF on extended-

spectrum-beta-lactamase-producing E. coli (ESBL-EC), and the

results indicated the effectiveness of NF in the ESBL-EC (Tulara,

2018). Moreover, FQ-resistant E. coli, are not only affected by NF,

but this antibiotic has also provided a cost-effective feature

(McKinnell et al., 2011).
7 Adverse effects of NF

Antibiotic resistance is considered as one of the possible side

effects of any antimicrobial agents. This issue has been reported in

long-term prophylaxis cases for UTI and elderly patients with renal

failure. Generally, NF is considered as a safe antimicrobial drug, but,

in 1 per 100,000 patients (Vickery et al., 2022) in long-term use,

there may be some risks. The non-drug resistance side effects of NF

like hepatotoxicity, neuropathy and pulmonary damages are

directly related to the long-term use of this drug (Wang et al.,

2008). Three complications, Gastrointestinal (GI) and skin

manifestations and peripheral neuropathy (Tan et al., 2012), are

the most important and serious adverse effects of NF consumption,

respectively. The first warning about the risks of NF in the elderly

was given in 2003 (Fick et al., 2003), and then in 2012 NF was listed

among the potentially dangerous drugs causing renal failure in

elderly patients (Fick et al., 2012). It is important to mention that

despite the serious reactions (e.g. renal, pulmonary, hepatic failure

and nerve adverse effects) in elderly patients, the occurrence of these

AEs is very rare (Rego et al., 2016). Pulmonary syndrome can also

appear in the first hours to the first week of drug prescription which

is accompanied by fever, chills, and cough (Munoz-Davila, 2014).
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This serious and lethal reaction to nitrofurantoin was diagnosed on

the first day of admission by Kanji et al. which was eventually

treated by intubation and corticosteroids (Kanji et al., 2011). In this

case report, the patient had received Trimethoprim 100 mg for

cystitis which was replaced by NF 100 mg prescription due to lack of

any progress. Following another course of NF, an 82-year-old man

(with no history of underlying disease or smoking) presented to the

hospital with symptoms of dyspnea, fever, and cough (Kanji et al.,

2011). The incidence rate of such complications is less than 1%

following frequent and long-term use of NF (for 6 months to years),

and mostly in women younger than 60 years old (Guidance et al.,

2002; Vahid and Wildemore, 2006; Fenton et al., 2008). According

to the American Geriatrics Society Beers Criteria Update of 2012,

using NF for a long time in elderly patients with renal failure must

be banned. Moreover, some researchers prefer nitrofurantoin to be

considered as a second treatment choice not a primary agent (Fick

et al., 2012).

According to in vitro studies, long-term consumption of NF

damages DNA by inhibiting DNA synthetase and chromosomal

mutations. Moreover, Tumorigenicity of NF has not yet been

precisely proven, but there is no doubt that NF has the ability to

produce toxic metabolites (Lawson et al., 2016). Further studies are

needed in this field.
7.1 Liver injury due to NF

Drug-induced liver injury (DILI) can result in an acute or chronic

hepatitis-like syndrome. The acute form is usually associated with 1

to 2 weeks of NF treatment and is rare (approximately 0.3 per 100,000

prescriptions). Acute liver injury usually occurs within weeks of

starting treatment with NF and may occur within weeks of

completing a defined course of treatment. The more common form

of hepatotoxicity is due to chronic prophylactic use, occurring in 1 in

1,500 people (National Institute of Diabetes and Digestive and

Kidney Diseases (US), 2012). A wide range of hepatotoxicity has

been reported in association with NF use, including acute hepatitis,

granulomatous reaction, cholestasis, or autoimmune hepatitis to

chronic active hepatitis that can lead to cirrhosis or death. The

mechanism is not fully understood, but is thought to be due to an

immunological reaction or a direct cytotoxic response. It has been

hypothesized that prolonged therapy to NF, female gender, older age,

and impaired renal function increase the risk of hepatotoxicity.

Corticosteroids have been used in conjunction with stopping NF to

treat severe cases (Sakaan et al., 2014). Genetic predisposition

including HLA-B8 appears to increase the risk of NF-induced liver

injury (Burgert et al., 1995; Stine and Northup, 2016). The correlation

between the dose and NF-induced liver injury is contradictory. Lower

and higher doses of NF are effective in long-term prophylaxis (Muller

et al., 2017). Prophylactic choice in recurrent cystitis is controversial,

but must be based on evaluating the patient, risks and benefits as well

as hepatotoxicity (Byron, 2019). Although there are no guidelines,
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TABLE 2 Patients with liver disorders due to the use of this antibiotic.

Author Age/
G

Medication Dosage Pattern Latency Recovery Other
Drug

histories

Ref

Luk T et al.

53y, F Nitrofurantoin 100 mg
twice
daily

Portal-hepatic vasculature, hepatic
nodularity, prominent parenchymal
necrosis and collapse and accompanying
cholestatic hepatic encephalopathy and
ascites

12 M
after
restarting

Death LOR (Luk et al.,
2021)

Wonnacott S
et al.

24y, F Nitrofurantoin 50 mg
every six
hours

Epigastric pain Past 3 D After stopping Not
Reported

(Wonnacott
et al., 2022)

Appleyard S
et al.

65y, F Nitrofurantoin 50 mg
daily

Chronic inflammatory cell infiltrate with
interface hepatitis and piecemeal necrosis
in portal areas

6 Y After only one
M of
prednisolone

Mb,
dosulepin,
LAN, PCT,
inhaled
SALB, and
intermittent
Fcz

(Appleyard
et al., 2010)

42y, F Nitrofurantoin 50 mg
daily

Marked chronic inflammation within the
portal tracts and extensive fibrosis, and
some features of cirrhosis

2 Y After a few
weeks of
corticosteroid
medication

FolA

74y, F Nitrofurantoin 100 mg
daily

Striking lobular inflammation, confluent
and bridging necrosis, syncytial giant cells,
minimal portal inflammation and minimal
plasma cells

2 Y Seven months
after initial
presentation

Not
Reported

Khan F et al.
56y, F Nitrofurantoin Not

reported
Abdominal pain 14 D Over the

course of 3 D
Not
Reported

(Khan et al.,
2019)

Koulaouzidis
et al.

57y, F Nitrofurantoin 100 mg
at night

Hepatitis 16 M At 4 M follow
up

SALB
inhaler, be-
clathasone
inhaler, AM,
and LAN

(Koulaouzidis
et al., 2007)

Hydes T
et al.

50y, F Nitrofurantoin 50 mg
once
daily

Biliary obstruction
autoimmune chronic active hepatitis with
mild fibrosis, in keeping with immune-
mediated drug-induced liver
injury

12 M
prior to
admission

Two months
later

PIO,
Met, AM,
PAX, LAN,
CPM, BUP,
MSO4,
temazepam
and LOS (Hydes et al.,

2014)
75y, F Nitrofurantoin 50 mg

once
daily

Chronic active hepatitis with a florid
inflammatory cell infiltrates consistent
with primary or drug-induced AIH on a
background of cirrhosis

6 M later One month
postadmission,
the patient
developed a
pulmonary
embolus

PRO,
ramipril,
BFTZ and
AT

Carvalho de
Matos A
et al.

68y, F Nitrofurantoin 100 mg
once
daily

Portal tract moderate mononuclear cell
inflammatory infiltrate, with mild
plasmacytes and some eosinophils, severe
interface hepatitis with focal
emperipolesis, periportal hepatocellular
rosetting and ballooning, and ductular
reaction. Severe panlobular
bilirubinostasis, focal lobular
necroinflammatory activity, and mild to
moderate portal fibrosis (Masson
trichrome) were also observed as well as
focal periportal copper deposit
(rhodamine).

2 Y Not Reported AX,
clavulanic
acid, and
Cla

(Carvalho de
Matos et al.,
2022)
F
rontiers in Cellu
lar and I
nfection Microbi
ology
 06
D, day; M, month; Y, year; NR, not reported; LOR, lorazepam; Mb, Mebeverine; LAN, Lansoprazole; PCT, Paracetamol; SALB, salbutamol; Fcz, Fluconazole; FolA, folic acid; PIO, pioglitazone;
Met, Metformin; AM, amitriptyline; PAX, paroxetine; CPM, Chlorphenamine; BUP, Buprenorphine; MSO4, morphine sulfate; LOS, lactulose; PRO, Propranolol; BFTZ, Bendroflumethiazide;
AT, atorvastatin; AX, amoxicillin; Cla, clarithromycin; AM, amitriptyline.
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monitoring liver enzymes at 1 to 3 months interval during therapy is

recommended (Sherigar et al., 2012). Table 2 mentions the cases

suffering from liver disorders due to the use of this antibiotic.
7.2 Fever following the consumption
of nitrofurantoin

Drug-induced fevers are independent-infection conditions

which are classified as the miscellaneous group and may induce
Frontiers in Cellular and Infection Microbiology 07
fever which is known as fever of unknown origin (FUO). FUO is

characterized as temperatures higher than 38.3°C which will elapse

more than two weeks after they appear (Haidar and Singh, 2022).

According to estimations, 4-7% of empirical antibiotic therapy

performed in hospitalized patients induce FUO (Patel and

Gallagher, 2010; Vickery et al., 2022). NF in oral non-suspension

form may be associated with FUO (Roth and Basello, 2003).

However, the occurrence of these fevers is directly related to

patients with an impaired immune system, especially neutropenic

patients (Patel and Gallagher, 2010), so it is important to discuss it.
TABLE 3 Clinical efficacy of Nitrofurantoin on UTI by investigation randomized clinical trials (RCTs).

Author Year Sex
Age

(years)

Clinical use
(prophylaxis
or treat-
ment)

Route of
nitrofurantoin
administration

Dosage/
Duration

Outcomes (recov-
ery/bacterial
colony count)

If prophylaxis, do
experience UTI or

not?

Adverse effects
(AEs)

Cure rate/
Incidence

rate (IR) of UTI
Ref

Bastawros
et al.

2021 F
61.6 ±
11.7

PEP Capsule
5 D/100
mg twice-
OD

Did not reduce the
risk of UTI

NS/GI manif
(nausea)

IR= 18%
(Bastawros
et al., 2021)

Akinci
et al.

2021

46/
59
(F:
M)

4.8 ±
3.9

PEP Capsule
Single
dose of 1
mg/kg

Significant
reduction in risk of
UTI

NG
3.8%
reduction

(Akinci
et al., 2021)

Lavelle
et al.

2020 F
61.7 ±
61.9

PEP Capsule
100 mg
OD

Did not reduce the
risk of UTI

AEs were
common/RES to
NF were found

IR= 17.3%
(Lavelle
et al., 2019)

Fisher et al. 2018

115/
88
(F:
M)

59.1 PEP Capsule
50 mg
once OD

Significant
reduction in risk of
UTI

NS/
GI, skin and
fungal manif.
RES to NF were
found
commonly

IR=1·3 cases
per person;
0·52

(Fisher
et al., 2018)

Pickard
et al.

2018

115/
88
(F:
M)

X≥18 PEP Capsule
50 mg
once OD

Significant
reduction in risk of
UTI

RES to NF were
found
commonly

IR=0·52
(Pickard
et al., 2018)

Huttner
et al.

2018 F X≥18 Treatment Tablet
5 D/100
mg 3
times OD

Improvement in
symptoms/less than
103 CFU/ml

NS/
GI manif

72%
(Huttner
et al., 2018)

Gupta et al. 2007 F 18-45 Treatment Tablet
5 D/100
mg
twice OD

Improvement in
symptoms/less than
105 CFU/ml

NS/
GI, UG and
NEUR manif

88%
(Gupta
et al., 2007)

Christiaens
et al.

2002 F 15-55 Treatment Capsule
3 D/100
mg four
times OD

Improvement in
symptoms/less than
105 CFU/ml

NS/
GI, skin, UG
and NEUR
manif

81%
(Christiaens
et al., 2002)

Stein 1999 F X≥12 Treatment Capsule
7 D/100
mg

Improvement in
symptoms/less than
105 CFU/ml

NS/
GI and UG
manif

69.5% (Stein, 1999)

Iravani
et al.

1999 F X≥18 Treatment Capsule
7 D/100
mg

Improvement in
symptoms/less than
103 CFU/ml

NS/
GI and UG
manif

83%
(Iravani
et al., 1999)

Hooton
et al.

1995 F X≥18 Treatment Capsule
3 D/100
mg four
times OD

less than 102 CFU/
ml

NS/
GI, UG and
NEUR manif

61%
(Hooton
et al., 1995)
f

PEP, Antibiotic post-exposure prophylaxis before surgery; D, day; OD, Once a day; NS, Not serious; NG, Not given; UG, Urogenital; NEURm Neurological; manif, manifestations; RES,
Resistance.
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A case report published in 2022 observed clozapine-induced fever

(CIF) in a 60-year-old woman who was receiving medication related

to schizoaffective disorder (Vickery et al., 2022). Fever was reported

in this patient following antibiotic therapy with three doses of NF.

The fever did not follow a regular pattern. Also, laboratory analyses

have shown an increase in eosinophil and lactate dehydrogenase.

Apart from the 39.3 C fever, use of nitrofurantoin by the patient

indicated the occurrence of bradycardia. Similar to these results,

another cohort study indicated an increase in the incidence of fever

and allergy in the group receiving nitrofurantoin compared to the

sulfonamide group (Koch-Weser et al., 1971). Forster et al.

attributed the occurrence of such an adverse reaction to the

frequent and repeated use of NF in their case report (Forster

et al., 2009).
8 The response spectrum of
patients with UTI to the
prescription of nitrofurantoin

As shown in Table 3, NF is well-tolerated by patients with UTI

following both prophylaxis and treatment (Fisher et al., 2018). NF is

often given as prophylaxis for 3 days. Cohort studies have indicated

the beneficial effect of nitrofurantoin on patients, like a study by

Huttner et al. who reported the cure rate of nitrofurantoin at 70%

(Huttner et al., 2018). NF is safe and effective for short-term

treatment at younger ages which is in contrast with the low effect

of nitrofurantoin in patients who use nitrofurantoin for the

treatment of UTI for a longer period of time (Gardiner et al.,

2019). Antibiotic treatment in symptomatic patients (i.e., UTI

caused by uropathogens) seems more successful than in

asymptomatic patients, probably due to the effective targeting of

pathogens by antibiotics. However, in asymptomatic patients only

uropathogens are colonized (do not show any activity), and the

treatment is less successful. Having a series of virulence factors in

bacteria which make them a target, tolerance in bacteria in the

presence of antibiotics, and inaccessible areas to antibiotics activity

(e.g., presence of uropathogens in the bladder) are the most

important reasons for the ineffectiveness of antibiotics in

preventing the occurrence of UTI (Fisher et al., 2018). Today,

possible adverse effects of prophylaxis of nitrofurantoin in the

emergence of antibiotic-resistant strains have become a concern

as we will discuss in the next section (Goff and Mendelson, 2017).
9 Nitrofurantoin-resistant bacteria in
patients with UTI

As shown in Table 2, improvement of symptoms in

symptomatic UTI patients, incidence rate of UTI in prophylaxis

use of nitrofurantoin and occurrence of antibiotic resistance are

important outcomes in assessing the effects of nitrofurantoin.

Generally, resistance to nitrofurantoin is less common even in

drug-resistant strains (Sanchez et al., 2016). However, a few
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strains of E. coli isolated from urine and K. pneumoniae

producing ESBL enzyme (Procop et al., 2003) have been reported

to show resistance to nitrofurantoin. The prevalence of NF resistant

in E. coli strains isolated from UTI cases in the United States and

France has been reported at 1.1% and 1.8%, respectively (Zhanel

et al., 2005; Honderlick et al., 2006). However, 99% of E. coli, 69% of

Klebsiella strains and 63% of Enterobacter strains are still sensitive

to nitrofurantoin, while the resistance level of conventional drugs

used in UTI against E.coli such as ciprofloxacin and trimethoprim/

sulfamethoxazole is reported at 25-29% (Vs 2.3%) which is more

than nitrofurantoin’s resistance rate (Mazzulli et al., 2001;

Kashanian et al., 2008). On the other hand, antibiotics such as

Fluoroquinolones and Cotrimoxazole, which were conventionally

prescribed for the treatment of uncomplicated UTI, today seems to

have lost their effectiveness due to the emergence of antibiotic

resistance, so nitrofurantoin and fosfomycin are suitable

alternatives due to less drug-resistant cases (Munoz-Davila, 2014).

In addition to the clinical use of nitrofurantoin, antibiotic

prophylaxis before surgery outcomes for prevention of UTI is

shown in Table 3. Clinical trials have shown that the use of

nitrofurantoin in the group that used this antibiotic as

prophylaxis, compared to the control group which used

conventional drugs for UTI such as trimethoprim and co-

trimoxazole, led to more antibiotic resistance. This was the most

important result of the study by Fisher et al. in which patients had

received nitrofurantoin for 9-12 months before surgery (Fisher

et al., 2018). Moreover, these findings are consistent with a study

by Pickard et al. who found that bacteria isolated from patients who

had taken oral nitrofurantoin prophylactically showed more

antibiotic resistance (Pickard et al., 2018). Researchers pointed to

complications caused by the long-term use of nitrofurantoin;

therefore, the use of this drug as a preventive tool was avoided

and fluoroquinolones were prescribed instead which led to an

increase in fluoroquinolone-resistant strains (Slekovec et al.,

2014). Therefore, it is advisable the use of nitrofurantoin be

limited to the treatment of UTI cases which show resistance to

other antibiotics.
10 Combined effects of nitrofurantoin
with different antimicrobial agents

Extensive experimental use of antibiotics to treat various

infectious diseases has increased antibacterial resistance among

many strains of pathogenic bacteria worldwide (Ayaz et al., 2019).

Combining antibiotic treatments with other treatments is becoming

an increasingly important strategy for treating many of these

infections, especially those caused by pathogens with antibiotic

resistance (Fatsis-Kavalopoulos et al., 2020). One of the

advantageous features of combination therapies is the synergism

effect. The therapeutic effect is greater when an antibiotic is

combined in vitro than the sum of each drug (Coates et al., 2020).

The synthetic antibiotic NF is used to treat lower urinary tract

infections orally (Dos Santos et al., 2021). By reviewing the studies

conducted so far, which are summarized in Table 4, we found that
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the combination of NF and other antibiotics has not been

extensively studied. Moreover, most of the studies conducted in

this field have been done in laboratory conditions. The results of

these studies show that in most cases, the effect of NF increases in
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combination with other antibiotics (except in combination with

mecillinam) (Fatsis-Kavalopoulos et al., 2020). It seems that NF

antimicrobial combination therapy is superior to monotherapy, but

using drug combinations has many challenges, including
TABLE 4 Results of the combinations of nitrofurantoin with other Antibiotics.

Authors/References Year Study Country Pathogen Source of
pathogen

Combination
antibiotics

Effects
(synergistic,
antagonistic,
additive or

no
effect)

R Daza et al. (Daza et al., 1977) 1997 Mic St Spain Gram-Negative
bacilli

Pathological
products of hospital

NF +FOS No effect

JL Descourouez et al. (Descourouez
et al., 2013)

2013 Mic St USA VRE USI NF +FOS No effect

Nikos Fatsis Kavalopouos et al. (Fatsis-
Kavalopoulos et al., 2020)

2020 *CombiANT
methodology

Sweden E. coli UTI NF +CIP Additive

NF +TMP Synergistic

NF +MEC Antagonistic

Alice Zhou et al. (Zhou et al., 2015) 2015 Mic St USA Escherichia coli
mutants**

– NF +VAN Synergistic

Peng Cui et al. (Cui et al., 2016) 2016 Mic St and
Ani St

China E. coli Persisters UTI NF +COL No effect in
vitro,
Additive in vivo

Abdulkareem H.ABD et al. (ABD et al.,
2014)

2014 Mic St Iraq E. coli UTI NF +CN Synergistic

NF +CIP No effect

Zi-Xing Zhong et al. (Zhong et al.,
2020)

2020 Mic St and Ani
St

China MDR
UPEC

UTI NF +AK Synergistic
Nitrofurantoin (NF), Fosfomycin (FOS), Ciprofloxacin (CIP), Gentamycin (CN), Vancomycin (VAN), amikacin (AK), colistin (COL), mecillinam (MEC), ciprofloxacin (CIP), trimethoprim
(TMP), Microbiological Study (Mic St), animal study (Ani St), Vancomycin-Resistant Enterococcus faecium (VRE), Urinary Tract Infection (UTI), Urinary Stent Infections (USI),
Uropathogenic E. coli (UPEC).
*CombiANT methodology: a 3D-printed agar plate insert that produces defined diffusion landscapes of 3 antibiotics, permitting synergy quantification between all 3 antibiotic pairs with a single test.
** mutant E. coli strains (dcd and surA mutants) that have increased sensitivity to VAN.
TABLE 5 The effect of nitrofurantoin combination with some plant extracts and nanoparticles.

Authors/References Year Country Pathogen Combined treatment Effects
(synergistic,
antagonistic,
additive or no
effect)

Plant extract Nanoparticles

Ngalah Bidii Stephen et al.
(Frank et al., 2022)

2022 Germany Serratia marcescens NF + Iso1 Synergistic

Shatha Mousa mlaghee Al-safi
et al.
(Al-safi et al., 2020)

2022 Iraq salmonella NF + Phoenix dactylifera2 Synergistic

Ali M Khlaifat
et al. (Khlaifat et al., 2019)

2022 Jordan Pseudomonas
aeruginosa

NF + AgNPs Synergistic

Pseudomonas
aeruginosa

NF +
C. Sempervirens and A.graveolens3

Synergistic

E. aerogenes NF + C. Sempervirens and
A.graveolens3

Synergistic

S. aureus NF + A.graveolens3 NF + AgNPs Additive

Rajendran Mala et al.
(Mala et al., 2017)

2017 India Escherichia coli NF + SNPs Synergistic
1 Isothiocyanates: Natural plant products generated by enzymatic hydrolysis of glycosylates; 2 Oily extraction of leaves; 3 Essential oils; Silver nanoparticles (AgNPs), Silver nanoparticles (SNPs).
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simultaneous assessment of distribution and tissue penetration,

among others (Zhong et al., 2020).

Another noteworthy point is that in recent years, researchers

have done considerable research on the effect of various bioactive

compounds in combination with antibiotics. The scientific and

medical community has been exploring the possibility of creating

synergistic therapeutic regimens by combining plant extracts and

nanoparticles [especially silver nanoparticles (AgNPs)]. There is

growing evidence that the use of these substances enhances the

antibacterial properties of conventional antibiotics, repurposing

them instead of replacing them (Cheesman et al., 2017; Vazquez-

Muñoz et al., 2019). Combinations of natural compounds may make

it possible for antimicrobial agents to interact better with their targets

within pathogens and prevent resistance. Such a strategy can reduce

toxicity, because lower concentrations of both agents can be used in

this method (Betoni et al., 2006; Sanhueza et al., 2017). Furthermore,

because nanoparticles are so small, they stick to the cell wall in

addition to damaging it. For this reason, NPs are less resistant to

antibiotics than antibiotics (Betoni et al., 2006). The antimicrobial

action of NPs is also influenced by metal ions and reactive oxygen

species (Khleifat et al., 2022). So far, many studies have been

conducted on the combined effect of NF with these substances, and

we mentioned a few of them (Table 5). The results of these studies

showed that the combination of NF with nanomaterials or plant

extracts has increased the effectiveness of this antibiotic. But since in

other studies (Moussaoui and Alaoui, 2016; Paralikar et al., 2019),

some materials in combination with antibiotics had an antagonistic

effect, it is necessary to conduct more studies on the combination of

substances with this antibiotic. Also, more studies on the mechanism

of the antagonistic effect of these substances are necessary.

Generally, understanding the mechanism of action of

antibiotics, AgNPs, plants and combined treatments allows

predicting more feasible treatments or designing new ones more

efficiently. Even if some aspects of the mechanism of action remain

unknown, these results provide a more effective way to fight

infectious diseases (Vazquez-Muñoz et al., 2019).
11 Conclusion

In this review, our goal was to obtain a comprehensive picture by

considering the clinical use of nitrofurantoin and its adverse effects to
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inform physicians to manage UTI patients under long-term

nitrofurantoin therapy. Nitrofurantoin should not be recommended

for long-term prophylaxis in patients with UTI, especially elderly

patients. The intention is not to discard nitrofurantoin prescription,

but urologists must use nitrofurantoin as the most effective drug on

acute UTI. Therefore, a series of supervisions and criteria regarding

the prescription of nitrofurantoin in cases of chronic UTI are needed.
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staphylococcus aureus diseases.Memórias do Instituto Oswaldo Cruz 101, 387–390. doi:
10.1590/S0074-02762006000400007

Bryce, A., Hay, A. D., Lane, I. F., Thornton, H. V., Wootton, M., and Costelloe, C.
(2016). Global prevalence of antibiotic resistance in paediatric urinary tract infections
caused by Escherichia coli and association with routine use of antibiotics in primary
care: systematic review and meta-analysis. Bmj 352, i939. doi: 10.1136/bmj.i939

Burgert, S. J., Burke, J. P., and Box, T. D. (1995). Reversible nitrofurantoin-induced
chronic active hepatitis and hepatic cirrhosis in a patient awaiting liver transplantation.
Transplantation 59 (3), 448–449. doi: 10.1097/00007890-199502000-00029

Byron, J. K. (2019). Urinary tract infection. Vet. Clin. North Am. Small Anim. Pract.
49 (2), 211–221. doi: 10.1016/j.cvsm.2018.11.005

Carvalho de Matos, A., Pais Macedo, C., Afonso Mendes, P., Cipriano, MA., Paiva,
A., and Simão, A. (2022). Concomitant nitrofurantoin-induced autoimmune hepatitis
and interstitial lung disease. GE Port J. Gastroenterol. 29 (4), 273–279.

Cheesman, M. J., Ilanko, A., Blonk, B., and Cock, IE. (2017). Developing new
antimicrobial therapies: are synergistic combinations of plant extracts/compounds with
conventional antibiotics the solution? Pharmacogn. Rev. 11 (22), 57.

Chew, A. B., Suda, KJ., Patel, U. C., Fitzpatrick, M. A., Ramanathan, S., Burns, S. P.,
et al. (2019). Long-term prescribing of nitrofurantoin for urinary tract infections (UTI)
in veterans with spinal cord injury (SCI). J. Spinal Cord Med. 42 (4), 485–493.

Christiaens, T. C., De Meyere, M., Verschraegen, G., Peersman, W., Heytens, S., and
De Maeseneer, J. M. (2002). Randomised controlled trial of nitrofurantoin versus
placebo in the treatment of uncomplicated urinary tract infection in adult women. Br. J.
Gen. Pract. 52 (482), 729–734.

Coates, A. R., Hu, Y., Holt, J., and Yeh, P. (2020). Antibiotic combination therapy
against resistant bacterial infections: synergy, rejuvenation and resistance reduction.
Expert Rev. Anti Infect. Ther. 18 (1), 5–15.

Conklin, J. D. (1978). The pharmacokinetics of nitrofurantoin and its related
bioavailability. Antibiot. Chemother. (1971) 25, 233–252.

Cui, P., Niu, H., Shi, W., Zhang, S., Zhang, H., Margolick, J., et al. (2016). Disruption
of membrane by colistin kills uropathogenic Escherichia coli persisters and enhances
killing of other antibiotics. Antimicrob. Agents Chemother. 60 (11), 6867–6871.

Cunha, B. A. (1988). Nitrofurantoin–current concepts. Urology 32 (1), 67–71. doi:
10.1016/0090-4295(88)90460-8

Cunha, B. A. (1989). Nitrofurantoin: an update. Obstet. Gynecol. Surv. 44 (5), 399–
406. doi: 10.1097/00006254-198905000-00034

Cunha, B. (2006). New uses for older antibiotics: nitrofurantoin, amikacin, colistin,
polymyxin b, doxycycline, and minocycline revisited. Med. Clinics North America 90,
1089–1107. doi: 10.1016/j.mcna.2006.07.006

Cunha, B. A., Cunha, C. B., Lam, B., Giuga, J., Chin, J., Zafonte, V. F., et al. (2017).
Nitrofurantoin safety and effectiveness in treating acute uncomplicated cystitis (AUC)
in hospitalized adults with renal insufficiency: antibiotic stewardship implications. Eur.
J. Clin. Microbiol. Infect. Dis. 36 (7), 1213–1216. doi: 10.1007/s10096-017-2911-1

Daza, R., Moreno-Lopez, M., and Damaso, D. (1977). Interactions of fosfomycin
with other antibiotics. Chemotherapy 23 (Suppl. 1), 86–92. doi: 10.1159/000222031

Descourouez, J. L., Jorgenson, M. R., Wergin, J. E., and Rose, W. E. (2013).
Fosfomycin synergy in vitro with amoxicillin, daptomycin, and linezolid against
vancomycin-resistant enterococcus faecium from renal transplant patients with
infected urinary stents. Antimicrob. Agents Chemother. 57 (3), 1518–1520.

Dos Santos, C., Dos Santos, L. S., and Franco, O. L. (2021). Fosfomycin and
nitrofurantoin: classic antibiotics and perspectives. J. Antibiot. (Tokyo) 74 (9), 547–558.

Fatsis-Kavalopoulos, N., Roemhild, R., Tang, P.-C., Kreuger, J., and Andersson, D. I.
(2020). CombiANT: antibiotic interaction testing made easy. PloS Biol. 18 (9), e3000856.

Fenton, M. E., Kanthan, R., and Cockcroft, D. W. (2008). Nitrofurantoin-associated
bronchiolitis obliterans organizing pneumonia: report of a case. Can. Respir. J. 15(6),
311–312.

Fick, D. M., Cooper, J. W., Wade, W. E., Waller, J. L., Maclean, J. R., and Beers, MH.
(2003). Updating the beers criteria for potentially inappropriate medication use in older
adults: results of a US consensus panel of experts. Arch. Intern. Med. 163 (22), 2716–2724.

Fick, D., Semla, T., Beizer, J., Brandt, N., Dombrowski, R., DuBeau, C. E., et al.
(2012). American geriatrics society updated beers criteria for potentially inappropriate
medication use in older adults. J. Am. Geriatr. Soc. 60 (4), 616–631. doi: 10.1111/j.1532-
5415.2012.03923.x

Fisher, H., Oluboyede, Y., Chadwick, T., Abdel-Fattah, M., Brennand, C., Fader, M.,
et al. (2018). Continuous low-dose antibiotic prophylaxis for adults with repeated
urinary tract infections (AnTIC): a randomised, open-label trial. Lancet Infect. Dis. 18
(9), 957–968. doi: 10.1016/S1473-3099(18)30279-2

Flores-Mireles, A. L., Walker, J. N., Caparon, M., and Hultgren, S. J. (2015). Urinary
tract infections: epidemiology, mechanisms of infection and treatment options. Nat.
Rev. Microbiol. 13 (5), 269–284. doi: 10.1038/nrmicro3432
Frontiers in Cellular and Infection Microbiology 11
Forster, C. J., Cohee, B. M., Wood-Morris, R. N., and Hartzell, J. D. (2009).
Nitrofurantoin-induced systemic inflammatory response syndrome. Am. J. Med. Sci.
338 (4), 338–340. doi: 10.1097/MAJ.0b013e3181abd9f6

Frank, U., Ngalah, B. S., Börner, K., Finkbeiner, J., Harter, A., and Biehler, K. (2022).
Combination of isothiocyanates and antibiotics increases susceptibility against
Acinetobacter baumannii, Escherichia coli, Klebsiella pneumoniae, Proteus mirabilis
and Serratia marcescens. Escherichia Coli Klebsiella Pneumoniae Proteus Mirabilis
Serratia Marcescens p, 19. doi: 10.2139/ssrn.4200934

Fransen, F., Melchers, M. J., Meletiadis, J., and Mouton, J. W. (2016).
Pharmacodynamics and differential activity of nitrofurantoin against ESBL-positive
pathogens involved in urinary tract infections. J. Antimicrob. Chemother. 71 (10),
2883–2889. doi: 10.1093/jac/dkw212

Fransen, F., Melchers, M. J. B., Lagarde, C. M. C., Meletiadis, J., and Mouton, J. W.
(2017). Pharmacodynamics of nitrofurantoin at different pH levels against pathogens
involved in urinary tract infections. J. Antimicrob. Chemother. 72 (12), 3366–3373. doi:
10.1093/jac/dkx313

Garau, J. (2008). Other antimicrobials of interest in the era of extended-spectrum b-
lactamases: fosfomycin, nitrofurantoin and tigecycline. Clin. Microbiol. Infect. 14, 198–
202. doi: 10.1111/j.1469-0691.2007.01852.x

Gardiner, B. J., Stewardson, A., Abbott, I., and Peleg, A. (2019). Nitrofurantoin and
fosfomycin for resistant urinary tract infections: old drugs for emerging problems. Aust.
Prescr. 42 (1), 14–19. doi: 10.18773/austprescr.2019.002

Gautam, G., Gogoi, S., Saxena, S., Kaur, R., and Dhakad, M. S. (2021). Nitrofurantoin
susceptibility pattern in gram-negative urinary isolates: in need of increased vigilance. J.
Lab. Physicians 13 (3), 252–256. doi: 10.1055/s-0041-1731106

Ghanavati, R., Emaneini, M., Kalantar-Neyestanaki, D., Maraji , A. S., Dalvand, M.,
Beigverdi, R., et al. (2018a). Clonal relation and antimicrobial resistance pattern of
extended-spectrum b-lactamase- and AmpC b-lactamase-producing Enterobacter spp.
isolated from different clinical samples in Tehran, Iran. Revista da Sociedade Brasileira
de Medicina Tropical 51, 88–93. doi: 10.1590/0037-8682-0227-2017

Ghanavati, R., Ohadi, E., Kazemian, H., Yazdani, F., Torki, A., Kalani, B. S., et al.
(2018b). Evaluation of fosfomycin activity against extended spectrum beta lactamase
(ESBL) producing Enterobacteriaceae isolated from three centers of Tehran, Iran.
Recent patents on anti-infective. Drug Discov. 13(2), 180–186. doi: 10.2174/
1574891X13666180517075803

Gleckman, R., Alvarez, S., and Joubert, D. W. (1979). Drug therapy reviews:
nitrofurantoin. Am. J. Hosp. Pharm. 36 (3), 342–351. doi: 10.1093/ajhp/36.3.342

Goff, D., and Mendelson, M. (2017). Antibiotic stewardship hits a home run for
patients. Lancet Infect. Dis. 17 (9), 892–893. doi: 10.1016/S1473-3099(17)30344-4

Guidance, R., Recalls, P., Reporting, S., Update, P., Advisory, M. A., Monitoring, S.,
et al. (2002). Pulmonary reactions with nitrofurantoin. Prescriber Update 23 (2), 24–25.

Gupta, K., Hooton, T. M., Roberts, P. L., and Stamm, W. E. (2007). Short-course
nitrofurantoin for the treatment of acute uncomplicated cystitis in women. Arch.
Intern. Med. 167 (20), 2207–2212. doi: 10.1001/archinte.167.20.2207

Gupta, K., Hooton, T. M., Naber, K. G., Wullt, B., Colgan, R., Miller, L. G., et al.
(2011). International clinical practice guidelines for the treatment of acute
uncomplicated cystitis and pyelonephritis in women: a 2010 update by the infectious
diseases society of America and the European society for microbiology and infectious
diseases. Clin. Infect. Dis. 52 (5), e103–e120.

Haidar, G., and Singh, N. (2022). Fever of unknown origin. New Engl. J. Med. 386
(5), 463–477. doi: 10.1056/NEJMra2111003

Ho, P. L., Ng, K. Y., Lo, W. U., Law, P. Y., Lai, E. L., Wang, Y., et al. (2016). Plasmid-
mediated OqxAB is an important mechanism for nitrofurantoin resistance in
Escherichia coli. Antimicrob. Agents Chemother. 60 (1), 537–543. doi: 10.1128/
AAC.02156-15

Honderlick, P., Cahen, P., Gravisse, J., and Vignon, D. (2006). [Uncomplicated
urinary tract infections, what about fosfomycin and nitrofurantoin in 2006?]. Pathol.
Biol. (Paris) 54 (8-9), 462–466. doi: 10.1016/j.patbio.2006.07.016

Hooton, T. M., Winter, C., Tiu, F., and Stamm, W. E. (1995). Randomized
comparative trial and cost analysis of 3-day antimicrobial regimens for treatment of
acute cystitis in women. Jama 273 (1), 41–45. doi: 10.1001/jama.1995.03520250057034

Hrbacek, J., Cermak, P., and Zachoval, R. (2020). Current antibiotic resistance trends
of uropathogens in central Europe: survey from a tertiary hospital urology department
2011-2019. Antibiotics (Basel) 9 (9), 630. doi: 10.3390/antibiotics9090630

Huttner, A., Verhaegh, E. M., Harbarth, S., Muller, A. E., Theuretzbacher, U., and
Mouton, J. W. (2015). Nitrofurantoin revisited: a systematic review and meta-analysis
of controlled trials. J. Antimicrob. Chemother. 70 (9), 2456–2464. doi: 10.1093/jac/
dkv147

Huttner, A., Kowalczyk, A., Turjeman, A., Babich, T., Brossier, C., Eliakim-Raz, N.,
et al. (2018). Effect of 5-day nitrofurantoin vs single-dose fosfomycin on clinical
resolution of uncomplicated lower urinary tract infection in women: a randomized
clinical trial. Jama 319 (17), 1781–1789. doi: 10.1001/jama.2018.3627

Hydes, T., Wright, M., Jaynes, E., and Nash, K. (2014). Nitrofurantoin immune-
mediated drug-induced liver injury: a serious complication of a commonly prescribed
medication. Case Rep. 2014, bcr2013203136. doi: 10.1136/bcr-2013-203136

Iravani, A., Klimberg, I., Briefer, C., Munera, C., Kowalsky, S. F., and Echols, R. M.
(1999). A trial comparing low-dose, short-course ciprofloxacin and standard 7 day
frontiersin.org

https://doi.org/10.1097/SPV.0000000000000977
https://doi.org/10.1590/S0074-02762006000400007
https://doi.org/10.1136/bmj.i939
https://doi.org/10.1097/00007890-199502000-00029
https://doi.org/10.1016/j.cvsm.2018.11.005
https://doi.org/10.1016/0090-4295(88)90460-8
https://doi.org/10.1097/00006254-198905000-00034
https://doi.org/10.1016/j.mcna.2006.07.006
https://doi.org/10.1007/s10096-017-2911-1
https://doi.org/10.1159/000222031
https://doi.org/10.1111/j.1532-5415.2012.03923.x
https://doi.org/10.1111/j.1532-5415.2012.03923.x
https://doi.org/10.1016/S1473-3099(18)30279-2
https://doi.org/10.1038/nrmicro3432
https://doi.org/10.1097/MAJ.0b013e3181abd9f6
https://doi.org/10.2139/ssrn.4200934
https://doi.org/10.1093/jac/dkw212
https://doi.org/10.1093/jac/dkx313
https://doi.org/10.1111/j.1469-0691.2007.01852.x
https://doi.org/10.18773/austprescr.2019.002
https://doi.org/10.1055/s-0041-1731106
https://doi.org/10.1590/0037-8682-0227-2017
https://doi.org/10.2174/1574891X13666180517075803
https://doi.org/10.2174/1574891X13666180517075803
https://doi.org/10.1093/ajhp/36.3.342
https://doi.org/10.1016/S1473-3099(17)30344-4
https://doi.org/10.1001/archinte.167.20.2207
https://doi.org/10.1056/NEJMra2111003
https://doi.org/10.1128/AAC.02156-15
https://doi.org/10.1128/AAC.02156-15
https://doi.org/10.1016/j.patbio.2006.07.016
https://doi.org/10.1001/jama.1995.03520250057034
https://doi.org/10.3390/antibiotics9090630
https://doi.org/10.1093/jac/dkv147
https://doi.org/10.1093/jac/dkv147
https://doi.org/10.1001/jama.2018.3627
https://doi.org/10.1136/bcr-2013-203136
https://doi.org/10.3389/fcimb.2023.1148603
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Mahdizade Ari et al. 10.3389/fcimb.2023.1148603
therapy with co-trimoxazole or nitrofurantoin in the treatment of uncomplicated
urinary tract infection. J. Antimicrob. Chemother. 43 Suppl A, 67–75.

Jaffe, J. M., and JM, J. (1975). Effect of propantheline on nitrofurantoin absorption. J.
Pharm. Sci. 64 (10), 1729-1730.

Kanji, Z., Su, V. C., and Mainra, R. (2011). Nitrofurantoin-induced pulmonary
reaction involving respiratory symptoms: case report. Can. J. Hosp. Pharm. 64 (5), 362–
365. doi: 10.4212/cjhp.v64i5.1072

Kashanian, J., Hakimian, P., Blute, M. Jr., Wong, J., Khanna, H., Wise, G., et al.
(2008). Nitrofurantoin: the return of an old friend in the wake of growing resistance.
BJU Int. 102 (11), 1634–1637. doi: 10.1111/j.1464-410X.2008.07809.x

Kazemian, H., Heidari, H., Ghanavati, R., Ghafourian, S., Yazdani, F., Sadeghifard,
N., et al. (2019). Phenotypic and genotypic characterization of ESBL-, AmpC-, and
carbapenemase-producing Klebsiella pneumoniae and Escherichia coli isolates. Med.
Princ. Pract. 28 (6), 547–551. doi: 10.1159/000500311

Khan, F., Davis, M., and Khan, N. (2019). 2467 recognizing macrobid as a potential
cause for major liver injury. Off. J. Am. Coll. Gastroenterol. ACG 114, S1360–S1361. doi:
10.14309/01.ajg.0000599400.11947.cc

Khlaifat, A. M., Al-limoun, M. O., Khleifat, K. M., Al Tarawneh, A. A., Qaralleh, H.,
Rayyan, E. A., et al (2019). Antibacterial synergy of tritirachium oryzae-produced silver
nanoparticles with different antibiotics and essential oils derived from cupressus
sempervirens and asteriscus graveolens (Forssk). Trop. J. Pharm. Res. 18 (12), 2605–
2616.

Khleifat, K., Qaralleh, H., and Al-Limoun, M. (2022). Antibacterial activity of silver
nanoparticles synthesized by aspergillus flavusand its synergistic effect with antibiotics.
J. Pure Appl. Microbiol 16 (3), 1722-1735. doi: 10.22207/JPAM.16.3.13

Khoshbayan, A., Golmoradi Zadeh, R., Taati Moghadam, M., Mirkalantari, S., and
Darbandi, A. (2022). Molecular determination of O25b/ST131 clone type among
extended spectrum b-lactamases production Escherichia coli recovering from urinary
tract infection isolates. Ann. Clin. Microbiol. Antimicrob. 21 (1), 35. doi: 10.1186/
s12941-022-00526-2

Klein, R. D., and Hultgren, S. J. (2020). Urinary tract infections: microbial
pathogenesis, host-pathogen interactions and new treatment strategies. Nat. Rev.
Microbiol. 18 (4), 211–226. doi: 10.1038/s41579-020-0324-0

Koch-Weser, J., Sidel, VW., Dexter, M., Parish, C., Finer, D. C., and Kanarek, P.
(1971). Adverse reactions to sulfisoxazole, sulfamethoxazole, and nitrofurantoin.
manifestations and specific reaction rates during 2,118 courses of therapy. Arch.
Intern. Med. 128 (3), 399–404. doi: 10.1001/archinte.1971.00310210075006

Komagamine, J., Yabuki, T., Noritomi, D., and Okabe, T. (2022). Prevalence of and
factors associated with atypical presentation in bacteremic urinary tract infection. Sci.
Rep. 12 (1), 5197.

Komp Lindgren, P., Klockars, O., Malmberg, C., and Cars, O. (2015).
Pharmacodynamic studies of nitrofurantoin against common uropathogens. J.
Antimicrob. Chemother. 70 (4), 1076–1082. doi: 10.1093/jac/dku494

Kostakioti, M., Hultgren, S. J., and Hadjifrangiskou, M. (2012). Molecular blueprint
of uropathogenic Escherichia coli virulence provides clues toward the development of
anti-virulence therapeutics. Virulence 3 (7), 592–594. doi: 10.4161/viru.22364

Koulaouzidis, A., Bhat, S., Moschos, J., Tan, C., and De Ramon, A. (2007).
Nitrofurantoin-induced lung-and hepatotoxicity. Ann. Hepatol. 6 (2), 119–121. doi:
10.1016/S1665-2681(19)31944-1

Lavelle, E. S., Alam, P., Meister, M., Florian-Rodriguez, M., Elmer-Lyon, C.,
Kowalski, J., et al. (2019). Antibiotic prophylaxis during catheter-managed
postoperative urinary retention after pelvic reconstructive surgery: a randomized
contro l l ed t r ia l . Obste t . Gyneco l . 134 (4) , 727–735 . do i : 10 .1097/
AOG.0000000000003462

Lawson, P. A., Citron, D. M., Tyrrell, K. L., and Finegold, S. M. (2016).
Reclassification of clostridium difficile as clostridioides difficile (Hall and O’Toole
1935) Prévot 1938. Anaerobe 40, 95–99. doi: 10.1016/j.anaerobe.2016.06.008

Le, V. V. H., and Rakonjac, J. (2021). Nitrofurans: revival of an "old" drug class in the
fight against antibiotic resistance. PloS Pathog. 17 (7), e1009663. doi: 10.1371/
journal.ppat.1009663

Long, B., and Koyfman, A. (2018). The emergency department diagnosis and
management of urinary tract infection. Emerg. Med. Clin. North Am. 36 (4), 685–
710. doi: 10.1016/j.emc.2018.06.003

Luk, T., Edwards, B. D., Bates, D., Evernden, C., and Edwards, J. (2021).
Nitrofurantoin-induced liver failure: a fatal yet forgotten complication. Can. Family
Physician 67 (5), 342–344. doi: 10.46747/cfp.6705342

Mala, R., Annie Aglin, A., Ruby Celsia, A. S., Geerthika, S., Kiruthika, N.,
VazagaPriya, C., et al. (2017). Foley Catheters functionalised with a synergistic
combination of antibiotics and silver nanoparticles resist biofilm formation. IET
Nanobiotechnol. 11 (5), 612–620. doi: 10.1049/iet-nbt.2016.0148

Matthews, P. C., Barrett, L. K., Warren, S., Stoesser, N., Snelling, M., Scarborough, M.,
et al. (2016). Oral fosfomycin for treatment of urinary tract infection: a retrospective
cohort study. BMC Infect. Dis. 16 (1), 556. doi: 10.1186/s12879-016-1888-1

Mazzulli, T., Skulnick, M., Small, G., Marshall, W., Hoban, D., Zhanel, G., et al.
(2001). Susceptibility of community gram-negative urinary tract isolates to mecillinam
and other oral agents. Can. J. Infect. Dis. = J. canadien Des. maladies infectieuses 12,
289–292.
Frontiers in Cellular and Infection Microbiology 12
McKinnell, J. A., Stollenwerk, N. S., Jung, C. W., and Miller, L. G. (2011).
Nitrofurantoin compares favorably to recommended agents as empirical treatment
of uncomplicated urinary tract infections in a decision and cost analysis. Mayo Clin.
Proc. 86 (6), 480–488. doi: 10.4065/mcp.2010.0800

McOsker, C. C., and Fitzpatrick, P. M. (1994). Nitrofurantoin: mechanism of action
and implications for resistance development in common uropathogens. J. Antimicrob.
Chemother. 33 Suppl A, 23–30. doi: 10.1093/jac/33.suppl_A.23

Mohebi, S., Hossieni Nave, H., Norouzi, A., Kandehkar Gharaman, M., Taati
Moghadam, M., et al. (2016). Detection of extended spectrum beta lactamases on
class I integron in Escherichia coli isolated from clinical samples. J. Mazandaran Univ.
Med. Sci. 26 (138), 66–76.

Moussaoui, F., and Alaoui, T. (2016). Evaluation of antibacterial activity and
synergistic effect between antibiotic and the essential oils of some medicinal plants.
Asian Pacif. J. Trop. Biomed. 6 (1), 32–37. doi: 10.1016/j.apjtb.2015.09.024

Muller, A. E., Verhaegh, E. M., Harbarth, S., Mouton, J. W., and Huttner, A. (2017).
Nitrofurantoin's efficacy and safety as prophylaxis for urinary tract infections: a
systematic review of the literature and meta-analysis of controlled trials. Clin.
Microbiol. Infect. 23 (6), 355–362. doi: 10.1016/j.cmi.2016.08.003

Munoz-Davila, M. J. (2014). Role of old antibiotics in the era of antibiotic resistance.
highlighted nitrofurantoin for the treatment of lower urinary tract infections.
Antibiotics (Basel) 3 (1), 39–48.

Naber, K. G., Schito, G., Botto, H., Palou, J., and Mazzei, T. (2008). Surveillance
study in Europe and Brazil on clinical aspects and antimicrobial resistance
epidemiology in females with cystitis (ARESC): implications for empiric therapy.
Eur. Urol. 54 (5), 1164–1175. doi: 10.1016/j.eururo.2008.05.010

Naggar, V. F., and Khalil, S. A. (1979). Effect of magnesium trisilicate on
nitrofurantoin absorption. Clin. Pharmacol. Ther. 25 (6), 857–863. doi: 10.1002/
cpt1979256857

Nakagawa, S., Kurimoto, Y., Ezumi, M., Nakatani, K., Mizunaga, S., and Yamagishi,
Y. (2021). In vitro and in vivo antibacterial activity of nitrofurantoin against clinical
isolates of e. coli in Japan and evaluation of biological cost of nitrofurantoin resistant
strains using a mouse urinary tract infection model. J. Infect. Chemother. 27 (2), 250–
255.

National Institute of Diabetes and Digestive and Kidney Diseases (US) (2017).
LiverTox: clinical and research information on drug-induced liver injury (Nih).
(National Institute of Diabetes and Digestive and Kidney Diseases). Available at:
https://livertox.nih.gov.

Paralikar, P., Ingle, A. P., Tiwari, V., Golinska, P., Dahm, H., Rai, M., et al. (2019).
Evaluation of antibacterial efficacy of sulfur nanoparticles alone and in combination
with antibiotics against multidrug-resistant uropathogenic bacteria. J. Environ. Sci.
Health Part A 54 (5), 381–390. doi: 10.1080/10934529.2018.1558892

Patel, R. A., and Gallagher, J. C. (2010). Drug fever. Pharmacotherapy 30 (1), 57–69.
doi: 10.1592/phco.30.1.57

Pickard, R., Oluboyede, Y., Brennand, C., von Wilamowitz-Moellendorff, A., and
McClurg, D. (2018). Continuous low-dose antibiotic prophylaxis to prevent urinary
tract infection in adults who perform clean intermittent self-catheterisation: the AnTIC
RCT. Health Technol. Assess. 22 (24), 1–102. doi: 10.3310/hta22240

Procop, G. W., Tuohy, M. J., Wilson, D. A., Williams, D., and Hadziyannis, E.
(2003). Cross-class resistance to non-beta-lactam antimicrobials in extended-spectrum
beta-lactamase-producing klebsiella pneumoniae. Am. J. Clin. Pathol. 120 (2), 265–267.
doi: 10.1309/BWQKWB2WN6W5X1CC

Race, P. R., Lovering, A. L., Green, R. M., Ossor, A., White, S. A., Searle, P. F., et al.
(2005). Structural and mechanistic studies of Escherichia coli nitroreductase with the
antibiotic nitrofurazone. reversed binding orientations in different redox states of the
enzyme. J. Biol. Chem. 280 (14), 13256–13264. doi: 10.1074/jbc.M409652200

Rego, L., Glazer, C., and Zimmern, P. (2016). Risks of long-term use of
nitrofurantoin for urinary tract prophylaxis in the older patient. Urol. Sci. 27(4),
193-8. doi: 10.1016/j.urols.2016.07.004

Roth, A. R., and Basello, G. M. (2003). Approach to the adult patient with fever of
unknown origin. Am. Fam Physician 68 (11), 2223–2228.

Sakaan, S. A., Twilla, S. A., Usery, J. D., Winton, J. B., Self, J. C., and , T. H. (2014).
Nitrofurantoin-induced hepatotoxicity: a rare yet serious complication. South Med. J.
107 (2), 107–113. doi: 10.1097/SMJ.0000000000000059

Sanchez, G. V., Babiker, A., Master, R. N., Luu, T., Mathur, A., and Bordon, J. (2016).
Antibiotic resistance among urinary isolates from female outpatients in the united
states in 2003 and 2012. Antimicrob. Agents Chemother. 60 (5), 2680–2683. doi:
10.1128/AAC.02897-15

Sandegren, L., Lindqvist, A., Kahlmeter, G., and Andersson, D. (2008).
Nitrofurantoin resistance mechanism and fitness cost in Escherichia coli. J.
Antimicrob. Chemother. 62, 495–503. doi: 10.1093/jac/dkn222

Sanhueza, L., Melo, R., Montero, R., Maisey, K., Mendoza, L., and Wilkens, M.
(2017). Synergistic interactions between phenolic compounds identified in grape
pomace extract with antibiotics of different classes against Staphylococcus aureus
and Escherichia coli. PloS One 12 (2), e0172273. doi: 10.1371/journal.pone.0172273

Sastry, S. S., and Jayaraman, R. (1984). Nitrofurantoin-resistant mutants of
Escherichia coli: isolation and mapping. Mol. Gen. Genet. 196 (2), 379–380. doi:
10.1007/BF00328076
frontiersin.org

https://doi.org/10.4212/cjhp.v64i5.1072
https://doi.org/10.1111/j.1464-410X.2008.07809.x
https://doi.org/10.1159/000500311
https://doi.org/10.14309/01.ajg.0000599400.11947.cc
https://doi.org/10.22207/JPAM.16.3.13
https://doi.org/10.1186/s12941-022-00526-2
https://doi.org/10.1186/s12941-022-00526-2
https://doi.org/10.1038/s41579-020-0324-0
https://doi.org/10.1001/archinte.1971.00310210075006
https://doi.org/10.1093/jac/dku494
https://doi.org/10.4161/viru.22364
https://doi.org/10.1016/S1665-2681(19)31944-1
https://doi.org/10.1097/AOG.0000000000003462
https://doi.org/10.1097/AOG.0000000000003462
https://doi.org/10.1016/j.anaerobe.2016.06.008
https://doi.org/10.1371/journal.ppat.1009663
https://doi.org/10.1371/journal.ppat.1009663
https://doi.org/10.1016/j.emc.2018.06.003
https://doi.org/10.46747/cfp.6705342
https://doi.org/10.1049/iet-nbt.2016.0148
https://doi.org/10.1186/s12879-016-1888-1
https://doi.org/10.4065/mcp.2010.0800
https://doi.org/10.1093/jac/33.suppl_A.23
https://doi.org/10.1016/j.apjtb.2015.09.024
https://doi.org/10.1016/j.cmi.2016.08.003
https://doi.org/10.1016/j.eururo.2008.05.010
https://doi.org/10.1002/cpt1979256857
https://doi.org/10.1002/cpt1979256857
https://livertox.nih.gov
https://doi.org/10.1080/10934529.2018.1558892
https://doi.org/10.1592/phco.30.1.57
https://doi.org/10.3310/hta22240
https://doi.org/10.1309/BWQKWB2WN6W5X1CC
https://doi.org/10.1074/jbc.M409652200
https://doi.org/10.1016/j.urols.2016.07.004
https://doi.org/10.1097/SMJ.0000000000000059
https://doi.org/10.1128/AAC.02897-15
https://doi.org/10.1093/jac/dkn222
https://doi.org/10.1371/journal.pone.0172273
https://doi.org/10.1007/BF00328076
https://doi.org/10.3389/fcimb.2023.1148603
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Mahdizade Ari et al. 10.3389/fcimb.2023.1148603
Sekyere, J. O., and Asante, J. (2018). Emerging mechanisms of antimicrobial resistance in bacteria
and fungi: advances in the eraof genomics.FutureMicrobiol.13, 241–262. doi: 10.2217/fmb-2017-0172

Shakti, L., and Veeraraghavan, B. (2015). Advantage and limitations of
nitrofurantoin in multi-drug resistant Indian scenario. Indian J. Med. Microbiol. 33
(4), 477–481. doi: 10.4103/0255-0857.167350

Sherigar, J. M., Fazio, R., Zuang, M., and Arsura, E. (2012). Autoimmune hepatitis
induced by nitrofurantoin. the importance of the autoantibodies for an early diagnosis
of immune disease. Clin. Pract. 2 (4), e83.

Slekovec, C., Leroy, J., Huttner, A., Ruyer, O., Talon, D., Hocquet, D., et al. (2014). When
the precautionary principle disrupts 3 years of antibiotic stewardship: nitrofurantoin in the
treatment of urinary tract infections. J. Antimicrob. Chemother. 69 (1), 282–284. doi:
10.1093/jac/dkt328

Stein, G. E. (1999). Comparison of single-dose fosfomycin and a 7-day course of
nitrofurantoin in female patients with uncomplicated urinary tract infection. Clin.
Ther. 21 (11), 1864–1872. doi: 10.1016/S0149-2918(00)86734-X

Stine, J. G., and Northup, P. G. (2016). Autoimmune-like drug-induced liver injury:
a review and update for the clinician. Expert Opin. Drug Metab. Toxicol. 12 (11), 1291–
1301. doi: 10.1080/17425255.2016.1211110

Tan, I. L., Polydefkis, MJ., Ebenezer, G. J., Hauer, P., and McArthur, J. C. (2012).
Peripheral nerve toxic effects of nitrofurantoin. Arch. Neurol. 69 (2), 265–268. doi:
10.1001/archneurol.2011.1120

Tulara, N. K. (2018). Nitrofurantoin and fosfomycin for extended spectrum beta-
lactamases producing Escherichia coli and Klebsiella pneumoniae. J. Glob. Infect. Dis.
10 (1), 19–21. doi: 10.4103/jgid.jgid_72_17

Vahid, B., and Wildemore, B. M. (2006). Nitrofurantoin pulmonary toxicity: a brief
review. Curr. Respir. Med. Rev. 2 (4), 439–442. doi: 10.2174/157339806778777276

Vazquez-Muñoz, R., Meza-Villezcas, A., Fournier, P., Soria-Castro, E., Juarez-
Moreno, K., Gallego-Hernández, A., et al. (2019). Enhancement of antibiotics
antimicrobial activity due to the silver nanoparticles impact on the cell membrane.
PloS One 14 (11), e0224904. doi: 10.1371/journal.pone.0224904
Frontiers in Cellular and Infection Microbiology 13
Vervoort, J., Xavier, B. B., Stewardson, A., Coenen, S., Godycki-Cwirko, M.,
Adriaenssens, N., et al. (2014). An in vitro deletion in ribE encoding lumazine
synthase contributes to nitrofurantoin resistance in escherichia coli. Antimicrob.
Agents Chemother. 58 (12), 7225–7233. doi: 10.1128/AAC.03952-14

Vickery, S. B., Burch, A. D., and Vickery, P. B. (2022). Differentiating probable
nitrofurantoin-induced drug fever from antipsychotic-induced hyperthermia in a
patient receiving clozapine. Ment. Health Clin. 12 (3), 205–209. doi: 10.9740/
mhc.2022.06.205

Wang, Y., Gray, J. P., Mishin, V., Heck, D. E., Laskin, D. L., Laskin, J. D., et al. (2008).
Role of cytochrome P450 reductase in nitrofurantoin-induced redox cycling and
cytotoxicity. Free Radic. Biol. Med. 44 (6), 1169–1179. doi: 10.1016/
j.freeradbiomed.2007.12.013

Wijma, R. A., Huttner, A., Koch, B. C., Mouton, J. W., and Muller, A. E. (2018).
Review of the pharmacokinetic properties of nitrofurantoin and nitroxoline. J.
Antimicrob. Chemother. 73 (11), 2916–2926. doi: 10.1093/jac/dky255

Wonnacott, S., Gala, D., Shah, M., Kaul, D., and Kumar, V. (2022). An unusual case
of drug-induced liver injury secondary to nitrofurantoin use. Cureus 14 (7), e26882.
doi: 10.7759/cureus.26882

Zhanel, G. G., Hisanaga T. L., Laing, N. M., DeCorby, M. R., Nichol, K. A., Palatnik,
L. P., et al. (2005). Antibiotic resistance in outpatient urinary isolates: final results from
the north American urinary tract infection collaborative alliance (NAUTICA). Int. J.
Antimicrob. Agents 26 (5), 380–388. doi: 10.1016/j.ijantimicag.2005.08.003

Zhong, Z.-X., Cui, Z.-H., Li, X.-J., Tang, T., Zheng, Z.-J., Ni, W.-N., et al. (2020).
Nitrofurantoin combined with amikacin: a promising alternative strategy for
combating MDR uropathogenic Escherichia coli. Front. Cell. Infect. Microbiol. 10,
608547. doi: 10.3389/fcimb.2020.608547

Zhou, A., Kang, T. M., Yuan, J., Beppler, C., Nguyen, C., Mao, Z., et al. (2015).
Synergistic interactions of vancomycin with different antibiotics against Escherichia
coli: trimethoprim and nitrofurantoin display strong synergies with vancomycin
against wild-type e. coli. Antimicrob. Agents Chemother. 59 (1), 276–281. doi:
10.1128/AAC.03502-14
frontiersin.org

https://doi.org/10.2217/fmb-2017-0172
https://doi.org/10.4103/0255-0857.167350
https://doi.org/10.1093/jac/dkt328
https://doi.org/10.1016/S0149-2918(00)86734-X
https://doi.org/10.1080/17425255.2016.1211110
https://doi.org/10.1001/archneurol.2011.1120
https://doi.org/10.4103/jgid.jgid_72_17
https://doi.org/10.2174/157339806778777276
https://doi.org/10.1371/journal.pone.0224904
https://doi.org/10.1128/AAC.03952-14
https://doi.org/10.9740/mhc.2022.06.205
https://doi.org/10.9740/mhc.2022.06.205
https://doi.org/10.1016/j.freeradbiomed.2007.12.013
https://doi.org/10.1016/j.freeradbiomed.2007.12.013
https://doi.org/10.1093/jac/dky255
https://doi.org/10.7759/cureus.26882
https://doi.org/10.1016/j.ijantimicag.2005.08.003
https://doi.org/10.3389/fcimb.2020.608547
https://doi.org/10.1128/AAC.03502-14
https://doi.org/10.3389/fcimb.2023.1148603
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Nitrofurantoin: properties and potential in treatment of urinary tract infection: a narrative review
	1 Introduction
	2 Pharmacology (Pharmacokinetic and Pharmacodynamics) and Biochemistry of NF
	3 Effect of food on PK
	4 Impact of NF on UTI
	5 Antimicrobial effect of NF
	6 Mechanism of action and resistance rates
	7 Adverse effects of NF
	7.1 Liver injury due to NF
	7.2 Fever following the consumption of nitrofurantoin

	8 The response spectrum of patients with UTI to the prescription of nitrofurantoin
	9 Nitrofurantoin-resistant bacteria in patients with UTI
	10 Combined effects of nitrofurantoin with different antimicrobial agents
	11 Conclusion
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


