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Abstract

Nifuroxazide, an antibacterial nitrofuran, has its presence and activity limited to the intestinal tract after oral administra-
tion; metronidazole, on the other hand, is widely distributed in the body, but active only under anaerobic conditions against
bacteria and protozoa. Both are prodrugs, and their conversion to reactive intermediates occurs almost exclusively within
microbial cells, minimizing the risk to human cells. Although nifuroxazide poses no risks during pregnancy and in children
due to its lack of systemic activity, concerns persist regarding the use of metronidazole in these conditions. These concerns
stem from an incomplete understanding of the drug's mechanism of action and from isolated studies of questionable quali-
ty, while abundant evidence of its safety during pregnancy should outweigh the fears. Given that nifuroxazide, alone or in
combination with metronidazole, is an effective and safe option for the empirical management of diarrheal diseases of infec-
tious origin, it is important to address any persistent doubts about its safety in children and during pregnancy. The evidence

gathered in this review points to the virtual absence of risks.
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Introduction

When antimicrobials are needed to treat diarrheal
diseases, especially if the etiology is unknown, it is prefer-
able to select drugs with a sufficiently broad spectrum, in-
cluding bacteria and protozoa; and with minimal impact up-
on the gut microbiota. Nifuroxazide, an antibacterial agent,
alone or in combination with metronidazole, an antiproto-
zoal agent, has been used for decades with efficacy and safe-
ty. However, concerns remain about its effects during preg-
nancy and in pediatric patients, even though it has also

been used successfully in these conditions.

The clinical evidence required for marketing a
new drug, since 1961—following the thalidomide crisis, rare-
ly includes minors or pregnant women. Upon entering the
market, precautionary recommendations are included in
the Prescribing Information (PI), based on in vitro observa-
tions and experiments on animals. Over the years, clinical
evidence accumulates regarding pediatric and/or pregnancy
use, which should serve to either confirm or revise these rec-
ommendations. However, by then the drug's patent has ex-
pired, and with it, the financial interest at the company that
held the patent. In the absence of such interest, the PI is of-
ten not updated, allowing outdated recommendations, lack-
ing clinical support, to persist indefinitely. Many medica-
tions commonly used during pregnancy and/or in pedi-
atrics are not indicated (or are clearly contraindicated) in th-

ese conditions, according to their PIs.

The Food and Drug Administration (FDA) of the
US had five drug categories, according to their use during
pregnancy: A, for which no risk has been demonstrated in
humans; B, for which no risks were found in animals, but
there are no extensive studies in humans (or there were ef-
fects in animals, but they were not replicated in human
studies); C, for which there were adverse effects in animals
(or no studies were conducted in animals) and there are no
studies in humans; D, for which there is evidence of risks in
humans, but the benefits may outweigh the risks; and X, for
which there is clear evidence of fetal abnormalities in ani-

mals or humans, and the risk is higher than the potential
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benefits [1].

Since May 2008, there had been proposals for re-
placing this classification, and since December 2014, it is no
longer included on drug labels, “because [the categories] are
often viewed as confusing and overly simplistic and don’t ef-
fectively communicate the risk” [2]. This is certainly true,
but the classification was not replaced with something bet-
ter. For the purposes of this review, it is worth mentioning
that metronidazole was included in class B, and nifurox-

azide was never classified because it is not sold in the USA.

This paper will review general aspects of metroni-
dazole and nifuroxazide, especially those related to their

safety during pregnancy and in pediatric patients.

Metronidazole: Basic Pharmacology

Metronidazole (Figure 1), a synthetic nitroimida-
zole inspired by azomycin (a natural product of soil Strepto-
myces spp., and also of Pseudomonas spp.) is a very broad-
-spectrum antimicrobial. Initial interest in the molecule
arose after its activity against Trichomonas vaginalis, a proto-
zoan, was found; subsequent research also revealed effect
against Giardia duodenalis (also known as G. lamblia or G.
intestinalis) and Entamoeba histolytica, other protozoans.
Further studies demonstrated activity against anaerobic bac-
teria, such as Fusobacterium spp. and Bacteroides spp.; the
list of susceptible bacteria now includes Prevotella spp., Fu-
sobacterium spp., Veillonella spp., Clostridium spp. (and the
recently renamed Clostridioides difficile), also anaerobes; the
microaerophilic Helicobacter pylori; and the facultative
anaerobe Gardnerella vaginalis [3]. Thus, the previous state-
ment about the “broad spectrum” does not refer to the typi-
cal clinical use of the term, but to the effect of metronida-
zole upon very diverse microorganisms, prokaryotes and eu-
karyotes, strict and not-so-strict anaerobes. However, it
should be added that the anaerobes Lactobacillus spp.,
which are an important component of the human intestinal
microbiota, are intrinsically resistant to metronidazole, so
at least that part of the gut bacterial population remains af-

ter metronidazole treatment.
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Figure 1: Structure of metronidazole. Left, the structure of metronidazole, patented in 1960; in red, the nitro group that under-

goes the reduction that turns it into the active product. Right, azomycin, first reported in 1953, a natural product of soil bacte-

ria of the genus Streptomyces, and also synthesized by the saprobe Pseudomonas.

Metronidazole is a prodrug; the active form of
metronidazole results from the reduction of the nitro group
under anaerobic conditions, which was presumed since the
1970s [4], but could not be demonstrated until much later.
In bacteria, the electron needed for this reduction comes
from the pyruvate oxidase complex, which decarboxylates
pyruvate and transfers electrons to ferredoxin or flavo-
doxin. The resulting anionic nitro radical binds to DNA,
causing single-strand breaks that lead to cell death. In Giar-
dia, as in Trichomonas, the reaction occurs in the hy-
drogenosome, the organelle where carbohydrate fermenta-
tion takes place. However, in the former, thioredoxin reduc-
tase does not play a role in the activation of metronidazole,
and other pathways have been implicated, including a nitro
reductase, as occurs with nitrofurans (see below). In Enta-
moeba, on the other hand, it is a thioredoxin reductase that
is involved, rather than ferredoxin [3]; as well as an entirely
different pathway, mediated by a malate decarboxylase that,
in this protozoan, is particularly similar to its bacterial coun-
terpart [5]. In any case, the formation of the reactive inter-
mediate that damages DNA is the common theme, even in
H. pylori, in which an oxygen-insensitive oxidoreductase is
the one that forms the toxic metabolite under mi-
croaerophilic conditions [3]. It should be added that these
pathways do not exist in human cells, so the reactions sum-
marized here, and their toxic products, are only found in-

side microorganisms.

The minimum inhibitory concentrations (MICs)

of metronidazole against anaerobic bacteria range from 0.13
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to 0.5 ug/mL for Gram-positive bacteria, and are almost in-
variably below 1 pug/mL for Gram-negative bacteria [3]. An-
ti-protozoal activity is measured differently: concentrations
capable of inhibiting 50% (IC,,) of the viability of a stan-
dardized culture; for clinical strains of E. histolytica, the IC;,
is 6.5 uM ([6]; approximately equivalent to 1.1 pg/mL), and
for G. intestinalis the IC,, is 0.78-1.56 ug/mL (although th-
ese values are the same for strains causing infections that
are susceptible and resistant to treatment, which calls into
question the relevance of the parameter; [7]). Bacterial resis-
tance to metronidazole has been known since the 1970s, es-
pecially in Bacteroides spp. It is usually associated with nim
genes, which encode a reductase that forms amino groups
instead of the reduced nitro group, the reactive intermedi-
ate. Efflux mechanisms, mutations in pyruvate oxidoreduc-
tase, and overexpression of SOS, a DNA repair gene, have al-
so been characterized. Amongst protozoa, resistance has
not been found in clinical isolates of E. histolytica; however,
it has been found in Giardia, where decreased levels of pyru-
vate/ferredoxin oxidoreductase (so that the reactive interme-
diate is not formed), or the substitution of nitroreductase 1,
which forms the toxic derivative, with nitroreductase 2,
which forms less toxic amines, are the mechanisms identi-
fied to date [3]. Metronidazole is administered orally, as a
single dose of 2 g, or 2 g/day for giardiasis, or 200-250 mg/8
h for infections caused by anaerobic bacteria. An oral dose
ma)
of 20 ug/mL, a time to C_, (t,.,) of 2.8 h, and a half-life (t,,)
of 8.5 h. It has a volume of distribution (V) of 50 L for a 70-

kg adult. It is eliminated in the urine, mainly in metabolized

of 100 mg leads to a maximum plasma concentration (C
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form [8]. Fecal concentrations of metronidazole, which
would be relevant when used against intestinal infections,
have been a subject of controversy: in healthy volunteers,
orally administered metronidazole is not detected in feces
because it is rapidly absorbed, which could question its effi-

cacy against intestinal infections. But in patients with diar-

4

rhea, the concentrations in wet stool, adding the base drug
and the hydroxylated metabolite which is also active, range
from 1.9 to 13.3 pg/g, after three days of treatment with 400
mg orally (Figure 2), with the variation depending on the
number of bowel movements per day [9]. Thus, the diar-

rhea for which metronidazole is used is necessary for it to

have significant concentrations in stools.
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Figure 2: Plasma and fecal concentrations of metronidazole, and inhibitory concentrations against susceptible microorgan-
isms. The relationship between the maximum plasma concentration (C,,,) after an oral dose of 100 mg is illustrated; the range
of fecal concentrations (after three days of oral treatment with 400 mg/day, in patients with diarrhea); and the minimum inhibi-
tory concentrations (MIC) for anaerobic bacteria (0.13-1.0 pg/mL) and the concentrations that inhibit 50% viability (IC,,) for
protozoa (0.78-1.56 pg/mL for Giardia, 1.1 ug/mL for E. histolytica).
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Figure 3: Structure of nifuroxazide. Two nitrofurans are illustrated, with the common pharmacophore in blue: above, nifurox-
azide, patented in 1963; below, the best-known representative of the group, nitrofurantoin, patented in 1952. In red, the nitro

group that is reduced by the action of reductases, converting them into reactive intermediates with antibacterial activity.
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Nifuroxazide: Basic Pharmacology

There is little pharmacological information avail-
able on nifuroxazide (Figure 3) (as well as general informa-
tion: 208 articles in PubMed, from 1972 to the present, com-
pared to 24,822 on metronidazole, from 1960 to the presen-
t). It is a synthetic nitrofuran, the same as nitrofurantoin,
and very likely shares the same mechanism of action, which
will be discussed shortly. An issue absent from the literature
is the pharmacokinetics, plasma or otherwise, of nifurox-
azide. The purported rationale for this absence is that the
drug is not absorbed from the digestive tract, similar to
other antibiotics such as neomycin and rifaximin, also used
against intestinal infections [10]. There is, however, evi-
dence in animal models that nifuroxazide is partially ab-
sorbed (<50%), but the absorbed fraction virtually disap-
pears before reaching the systemic circulation due to exten-
sive first-pass metabolism [10]. When radiolabeled nifurox-
azide was administered to rats, 17% of the dose (10 mg/kg,
which is about twice the dose used therapeutically in hu-
mans) was eliminated in the urine as metabolites, and 20%
of the radioactivity recovered in feces, corresponding to
67% of the dose, was unchanged nifuroxazide; most of the
radioactivity remained in the gastrointestinal lumen [11].
Other sources state, more vaguely, that “over 99% of orally
administered nifuroxazide remains in the intestines” [12].
In any case, nifuroxazide would not have relevant systemic

effects, as it is undetectable in plasma after oral administra-

1250

tion.

Nifuroxazide also has a broad spectrum of activity,
ranging from typical enteropathogenic bacteria, which are
relevant to its primary indication [13], to other bacteria
such as Mycobacterium tuberculosis, protozoa such as Try-
panosoma spp. and Leishmania spp., [14] and even flat-
worms such as Schistosoma mansoni [15]. Importantly, it
has also been proposed for the management of C. difficile-as-
sociated diarrhea [12]. Furthermore, there is recent interest
in nifuroxazide for its anti-tumor activity, and its repurpos-

ing against cancer has been considered [16].

Given the absence of nifuroxazide in systemic
blood, plasma pharmacokinetics cannot be discussed. How-
ever, from the study with labeled nifuroxazide administered
to rats, 38% of a 10-mg/kg dose appeared in feces in the
0-24 h interval, and an additional 29% in the 24-48 h inter-
val [11]. Although the digestive systems of rats and humans
are very different, in an attempt to calculate concentrations
in feces when nifuroxazide is administered to humans, a typ-
ical dose of 400 mg for a 70 kg adult, who defecates on aver-
age 125 g/day, would have 1200 ug/g of nifuroxazide in fe-
ces. This concentration is substantially higher than the
MIC,, of the drug on various enteropathogens: 0.197 ug/mL
for Campylobacter, 25 pg/mL for Shigella, 50 ug/mL for Sal-
monella, 100 ug/mL for E. coli and Yersinia enterocolitica
[17] (Figure 4).
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Figure 4: Fecal concentration of nifuroxazide, and inhibitory concentrations for susceptible microorganisms. The relation-

ship between fecal concentrations (estimated from the fraction of the dose retained in the intestine of animals, the typical hu-

man dose, and the average weight of human feces) and the MICs for 90% (MIC,,) of clinical isolates of various enteropatho-

genic bacteria is illustrated.
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Regarding its mechanism of action, it is assumed
to be similar to that of nitrofurantoin, which is also a pro-
drug. In the case of antibacterial activity, particularly
against Escherichia coli, the activation of nitrofuratoin de-
pends on nitroreductase enzymes (encoded by the nfsA and
nfsB genes), which normally catalyze the divalent reduction
of various nitrosated compounds that can generate intracel-
lular superoxide radicals (O,-7). Paradoxically, these en-
zymes, which are important for bacterial viability under aer-
obic conditions, convert nitrofurantoin into a reactive inter-
mediate. The byproducts of this intermediate, also free radi-
cals, cause damage to different structures of the bacterial
cell, including DNA, ribosomes, and the respiratory chain.
To complete the paradox, the loss of these enzymes obvious-
ly results in resistance to nitrofurantoin, which is rare be-
cause bacteria lacking nitroreductases are particularly frag-
ile [18]. Nitrofurantoin resistance in clinical isolates of com-
munity-acquired urinary tract infections does not exceed
10% [19]. Returning to nifuroxazide, studies in volunteers
who received it at doses of 800-1200 mg/day for six days
found no resistant organisms after treatment; nor, of
course, is there cross-resistance with other antimicrobials
[20].

Nifuroxazide, administered orally to humans, has
been found, since 1985, to have little effect on the intestinal
bacterial load [21], indicating that the treatment has little
impact on the microbiota. This notion is reinforced by a
very recent metagenomic study, reporting that nitrofuran-
toin is among the antibiotics least likely to alter the intesti-
nal microbiota, in contrast to fluoroquinolones, clin-
damycin, or flucloxacillin [22]. Considering that we are dis-
covering every day new ways in which the microbiota af-
fects our health, especially negatively if we alter these micro-
bial communities, qualitatively or quantitatively, it is a par-
ticular advantage of an antibiotic that its impact on the mi-

crobiota is minimal.
Clinical Indications

As its activity is limited to the intestinal tract, ni-
furoxazide is only used against intestinal infections, which

usually lead to diarrhea.

Metronidazole is indicated for very diverse condi-

tions, due to its anti-anaerobic activity, which makes it use-
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ful against infections caused by strict anaerobic bacteria, or
by facultative bacteria under poor oxygenation. These indi-
cations are beyond the scope of this text. The use of metroni-
dazole in gastrointestinal tract conditions includes chemo-
prophylaxis for colorectal surgery and appendectomy, C. dif-
ficile diarrhea, reduction of gut bacterial load, as monothera-
py or in combination with ciprofloxacin in inflammatory
bowel diseases, and as part of combination therapy against
H. pylori. Metronidazole plays an important role in the man-
agement of E. histolytica amebiasis, whether causing colitis,
liver abscesses, or brain abscesses; It is also useful in the ma-
nagement of giardiasis, although a small number of cases, es-
pecially those acquired in India, may be refractory to treat-
ment; and in diarrhea caused by Blastocystis spp., and Balan-
tidium coli (it also leads to the eradication of Dientamoeba
fragilis, but with no difference versus placebo in symptom

remission; [3]).
Safety

The safety of metronidazole during pregnancy is a
clear example of the premise mentioned in the Introduc-
tion. While some PI state that “there is inadequate evidence
of the safety of metronidazole in pregnancy but it has been
in wide use for many years without apparent ill conse-
quence” (https://www.medicines.org.uk/emc/produc-
t/12817/smpci#gref); in other countries the PI often states
that “it is advisable that administration of metronidazole be
avoided in pregnant patients and be withheld during the
first trimester of pregnancy” (IP for pms-METRONIDA-
ZOLE, 500 mg capsules, Pharmascience, Canada), of plainly
list the first trimester of pregnancy under the list of con-
traindications (IP for Flagyl, metronidazole, 250 and 500
mg tablets, Sanfer, Mexico). These notions go against those
of the Category B to metronidazole did belong, which only
reflect that, although animal studies do not reveal fetal
harm, there were no well-controlled studies demonstrating

safety in pregnant women [23].

From an incomplete understanding of metronida-
zole's mechanism of action, one might infer that it has muta-
genic or teratogenic potential; after all, its antimicrobial ef-
fect results, among other things, from DNA damage, as dis-
cussed earlier. This simplistic view overlooks the fact that

metronidazole is a prodrug that requires anaerobic condi-
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tions for its conversion to an active form; virtually all of our
cells, and particularly fetal cells, have a distinctly aerobic
metabolism. Furthermore, the pathways necessary for the re-
duction of metronidazole to its toxic byproduct occur only
in microorganisms, as previously reviewed. Thus, the reac-
tive intermediate of metronidazole is formed exclusively in
microbial cells that colonize an anaerobic niche. In a review
on the genotoxicity of metronidazole, while summarizing
the extensive evidence of mutagenicity in bacteria, it high-
lights the absence of these effects in cultured mammalian
cells, in animal models, or in clinical studies [24]. However,
when in doubt, caution and a review of the evidence are pre-
ferable.

A widely cited Canadian study reporting a 70% in-
creased risk of miscarriage with metronidazole use during
the first trimester of pregnancy has significant limitations.
It is a retrospective analysis of 8,702 cases of miscarriage be-
fore 20 weeks, compared to 87,020 controls, selected from
182,369 pregnancies. The study was designed to explore the
effect of any antimicrobial treatment (13% of the selected
cases received antimicrobials). The overall miscarriage rate
was 4.7% (meaning metronidazole use would purportedly
raise it to 8%), but the number of patients who received
metronidazole is very small and not clearly stated: the re-
port does not specify whether patients that received metroni-
dazole were included among the 344 cases and controls gett-
ing “antiprotozoal” drugs, or the 312 who received
"another" antibiotic (i.e., other than the predominant class-
es). In any case, conclusions are drawn from a very small
number of spontaneous abortions allegedly related to
metronidazole. The authors themselves state that the severi-
ty of the infection may have been a confounding factor,
among several others that were not documented in the medi-
cal records [25]. Nevertheless, this study is the only refer-
ence in a recent review for the recommendation against us-
ing oral metronidazole during the first trimester of pregnan-

cy [26].

In contrast, a study specifically designed to ex-
plore the safety of metronidazole (oral or IV) during preg-
nancy compared 922 women who received the antibiotic
(348 during the first trimester) with 1,974 who did not. The
group as a whole experienced 11.8% preterm births, 9.3%

low birth weight infants, and 1.8% congenital anomalies,
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none of which were associated with metronidazole, either
during the first or subsequent trimesters [23]. This is one of
the most recent studies, but by no means the only one to

reach the same conclusion:

e A US study of 1,387 pregnant women who received
metronidazole, matched with an equal number who

did not, found no increased risk of anomalies [27];

¢ Another, Hungarian study, which examined 17,300
women who had babies with malformations,
matched with 30,663 with normal babies, found a
non-significant increase of 0.03 cases per 1,000
above the normal 1/1,000 for cleft palate that could

be associated with metronidazole [28];

e A 1995 meta-analysis that included seven studies,
six of them with women exposed to metronidazole
during the first trimester, found no increased

teratogenic risk from this treatment [29];

e Finally, a Danish study that analyzed medical
records of 124 women who took metronidazole
during pregnancy, compared with 13,327 controls,
found that congenital abnormalities occurred in
2.4% of those exposed and 5.2% of the controls; six
(4.8%) of those who took metronidazole (including
four, out of 84, who took it during the first
trimester) had preterm births, compared with 6% of
the controls [30].

Interestingly, all this literature, which predates the
Canadian study mentioned abobe, and the review on antibi-
otic use in pregnancy, is not cited in either of these two arti-
cles. Perhaps the best summary of the situation is provided
by the review on metronidazole included in Kucers’ The Use
of Antibiotics: “There is no evidence that the drug is terato-
genic in animal or human experiments, but it may increase
the rate of spontaneous mutation in certain aerobic bacteria
in vitro. In humans, there is no evidence of adverse out-

comes with the use of metronidazole during pregnancy” [3].

Regarding the safety of metronidazole in children,
it has been widely used both, orally (at 15-50 mg/kg/day
dosage) and intravenously (7.5 mg/kg BID or TID). Even

premature infants can receive metronidazole safely, al-
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though a dosage reduction is suggested for malnourished
children, that have impaired the drug’s metabolism. The
standard treatment for giardiasis, for instance, is 5 mg/kg

three times a day for five days [3].

The safety of nifuroxazide is much easier to dis-
cuss: since it has no systemic presence after oral administra-
tion, it is considered safe and without adverse effects [31],
including in pediatrics and during pregnancy. No carcino-
genic capacity or other significant toxicity was found in
mouse studies [16]. Another genotoxicity study in mice, at
doses 25 times higher than those used in humans, and 50%
of the maximum tolerable dose for the animals, yielded neg-
ative results [32]. Generally speaking, the main adverse ef-

fect of nifuroxazide is skin reactions [20].

Nitrofurantoin, which was used as a representative
of nitrofurans in other sections of this text (and which was
also in FDA category B), is recommended not to be used in
the last month of pregnancy or in the first month of life of
the newborn. The precaution arises from the risk of fetal he-
molytic anemia, resulting from the erythrocytes’ enzyme sys-
tems being immature, leading to glutathione instability; or,
in neonates, from the risk of glucose-6-phosphate dehydro-
genase deficiency, potentially causing toxic nitrofurantoin
derivatives to accumulate [33]. Assuming that nifuroxazide
behaves the same as nitrofurantoin, this would be the only

risk during pregnancy and in pediatrics, which is mitigated
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by recalling, once again, that the drug has no systemic pres-

ence.

Final Considerations

A common paradox in medicine is the caution
with which efficacy findings on new drugs are received
when they have only been tested in vitro or in laboratory ani-
mals, contrasting sharply with the ease with which safety
findings from non-clinical experiments are extrapolated.
This safeguard is actually very important: it is necessary to
wait for clinical evidence to be gathered before introducing
or modifying a therapy. But once the evidence has been ob-
tained, resistance to change does a disservice to both
medicine and patients. The field of antibiotics is one in
which myths and misconceptions have persisted for a long
time [34]. As reviewed here, nifuroxazide and metronida-
zole are drugs with decades of clinical use, which are of
great value in the management of diarrheal diseases of infec-
tious origin. While nifuroxazide has always been considered
safe due to its lack of systemic presence, metronidazole was
initially considered a risk during pregnancy because of its
mechanism of action. However, current evidence indicates
that it can be used throughout pregnancy with no risks
other than the adverse effects associated with its use in any
other condition. The reasons for precautionary warnings
persisting in regulatory documents seem to be due more to

administrative inertia than to clinical experience.
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