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Abstract
Oseltamivir, a pro-drug, is the best option for treatment and chemoprophylaxis for influenza outbreaks. However, many
patients treated with oseltamivir developed adverse reactions, including hypersensitivity, gastritis, and neurological
symptoms. The aim of this study was to determine the adverse drug reactions (ADRs) in Mexican patients treated with
oseltamivir and whether these ADRs are associated with SNPs of the genes involved in the metabolism, transport, and
interactions of oseltamivir. This study recruited 310 Mexican patients with acute respiratory diseases and treated them with
oseltamivir (75 mg/day for 5 days) because they were suspected to have influenza A/H1N1 virus infection. Clinical data
were obtained from medical records and interviews. Genotyping was performed using real-time polymerase chain reaction
and TaqMan probes. The association was assessed under genetic models with contingency tables and logistic regression
analysis. Out of 310 patients, only 38 (12.25%) presented ADRs to oseltamivir: hypersensitivity (1.9%), gastritis (10%), and
depression and anxiety (0.9%). The polymorphism ABCB1-rs1045642 was associated with adverse drug reactions under the
recessive model (P= 0.017); allele C was associated with no adverse drug reactions, while allele T was associated with
adverse drug reactions. The polymorphisms SLC15A1-rs2297322, ABCB1-rs2032582, and CES1-rs2307243 were not
consistent with Hardy–Weinberg equilibrium, and no other associations were found for the remaining polymorphisms. In
conclusion, the polymorphism rs1045642 in the transporter encoded by the ABCB1 gene is a potential predictive biomarker
of ADRs in oseltamivir treatment.
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Introduction

Acute respiratory diseases are a serious global public health
problem due to their high rates of morbidity and mortality.
These diseases are the most frequent reason why patients
use health services. Acute respiratory diseases are caused by
microorganisms that affect the respiratory system for less
than 15 days [1]. In Mexico, acute respiratory diseases are a
priority health problem because they are among the ten
main causes of illness and death in different age groups
(Sistema Nacional de Vigilancia Epidemiológica, Secretaría
de Salud, at http://www.sinave.gob.mx/). During 6 years,
108,830 deaths due to acute respiratory diseases were
reported in Mexico [2].

The influenza A virus is one of the microorganisms that
cause acute respiratory infections [3]. This virus is
responsible for annual seasonal epidemics worldwide. In the
last century, there have been four significant worldwide
outbreaks of influenza A with high mortality rates for
humans [4]. To treat influenza, the U.S. Food and Drug
Administration (FDA) approved the use of oseltamivir,
which is a controversial [5, 6] antiviral agent that selectively
inhibits the neuraminidases of both the influenza A and B
viruses [7]. Viral neuraminidase promotes the release of
progeny viruses from infected cells by cleaving the terminal
sialic acid residues from carbohydrate moieties on the sur-
faces of host cells and influenza virus envelopes [8]. Osel-
tamivir was the best option for treatment and
chemoprophylaxis during the influenza A/H1N1 2009
pandemic (influenza A/H1N1-pdm2009) outbreak because
it could be administered to patients as young as 1-year old
[9]. However, patients treated with oseltamivir have
developed adverse reactions such as vertigo, dizziness,
sickness, insomnia, headache, behavioural alterations, and
numbness [10]. The U.S. FDA reported that oseltamivir’s
adverse effects on the central nervous system include
delirium, hallucinations, confusion, abnormal behaviour,
convulsions, and encephalitis [11] (http://www.fda.gov/
Drugs/DrugSafety/PostmarketDrugSafetyInformationforPa
tientsandProviders/ucm107840.htm). Moreover, oseltamivir
treatment has been associated with abnormal behaviour and
death in patients from Japan and the United Kingdom [12–
14]. However, the pharmaceutical industry has reported no
adverse events [15]. In Mexico, oseltamivir phosphate was
the only pro-drug that was distributed and prescribed for
influenza treatment during the influenza A/H1N1-pdm2009
pandemic [16], and no information is available for adverse
reactions in the Mexican population.

This individual susceptibility to oseltamivir adverse
reactions might be explained by the genetic polymorphisms
of proteins involved in its uptake, activation, and elimina-
tion. To be effective, oseltamivir phosphate must be taken
up by peptide transporter 1 (PepT1), and activated by

carboxylesterase 1 (CES1) to form oseltamivir carboxylate;
furthermore oseltamivir phosphate, before activation, can be
eliminated from cells through P-glycoprotein (Fig. 1) [17–
20]. Besides, oseltamivir carboxylate not only inhibits viral
neuraminidase but can also inhibit human sialidases [21].
The genes that encode for Pept1, CES1, P-glycoprotein, and
human neuraminidase (NEU2) harbour SNPs that affect
their functions [22–29].

The aim of this study was to determine the adverse drug
reactions (ADRs) in Mexican patients treated with oselta-
mivir and whether these ADRs are associated with SNPs of
the genes involved in the metabolism, transport, and inter-
actions of oseltamivir.

Methods

Design

A retrospective study with convenience sampling was car-
ried out on patients with acute respiratory disease who were
suspected to have pandemic influenza virus A/H1N1
infections and who were treated with oseltamivir for at least
5 days. This study was conducted according to Good
Clinical Practice standards. It meets all criteria contained in
the Declarations of Helsinki by the World Medical Asso-
ciation in 1964; those criteria were modified in 2013. The
protocol was approved by the ethical and scientific com-
mittees of the Mexican Social Security Institute (protocol
number R-2012-785-095).

Patient selection

This study included male and female patients who were
treated at the Instituto Mexicano del Seguro Social clinics,
which are located in the state of Nuevo Leon, Mexico. The
inclusion criteria were as follows: patients with acute
respiratory diseases who were suspected to be infected with
pandemic influenza virus A/H1N1 and who were treated
with oseltamivir at 75 mg/kg/day for at least 5 days. Patients
were excluded when they had any of the following: clini-
cally documented renal or hepatic failure, withdrawn writ-
ten informed consent, low DNA quality, incomplete clinical
records, incomplete genetic data, or family relations with
each other.

Clinical data and biological samples were collected
between December 2009 and December 2012. The biolo-
gical samples consisted of pharyngeal and oropharyngeal
swabs, which were obtained during the recruitment period
and were stored at −80 °C until analysis. A total of
310 samples were selected for evaluation.

The diagnosis of influenza A/H1N1 was determined by
real-time reverse transcription polymerase chain reaction
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assays, which were conducted in accordance with the
Centers for Disease Control and Prevention protocol [30].
Clinical and sociodemographic information was obtained
through personal interviews and medical records at primary,
secondary, or tertiary care facilities. We studied drug
hypersensitivity and adverse effects related to the central
nervous and gastric systems.

DNA extraction and SNP analysis

Genomic DNA extraction was performed with a MagNA
Pure LC Total Nucleic Acid Isolation Kit (Roche Diag-
nostics, Indianapolis, Indiana, USA) using Magna Pure LC
2.0® equipment from Roche. DNA samples were stored at
−20 °C until analysis.

Genetic analysis was performed to assess four clinically
relevant variants of the ABCB1 gene (rs3789243,
rs1128503, rs2032582, and rs1045642), two variants of the
CES1 gene (rs71647871 and rs2307243), one variant of the
SLC15A1 gene (rs2297322), and one variant of the NEU2
gene (rs2233385). Allelic discrimination by real-time PCR
was performed with specific primers and TaqMan® probes.
Approximately 50 ng of genomic DNA was added to a
master mix (Applied Biosystems, Foster City, CA, USA)
that contained 200 nmol of primers and 40 nmol of probes
for each polymorphism. Samples were placed in a 96-well
plate and amplified as follows: pre-PCR read at 60 °C for
30 s, then 10 min at 95 °C, followed by 50 cycles of 95 °C

for 15 s, and 60 °C for 1 min. Post-read analyses were
performed at 60 °C for 30 s. All assays were carried out in a
7500 Fast PCR System (Applied Biosystems), and analyses
were performed with 7500 Fast System SDS software.

Statistical analysis

For sample size calculation, the incidence of 36.1% of
ADRs reported by Dalvi et al. was considered [31]. It was
assumed that the incidence of ADRs in our study population
was 13%. Considering a confidence level of 95%, a sig-
nificance level of 5%, and a minimum power of 80%, a
sample size of 245 subjects would be sufficient. The
Hardy–Weinberg equilibrium (HWE) was estimated for all
genetic polymorphisms by comparing their genotype fre-
quencies. The associations were assessed using χ2 and exact
Fisher tests in genetic models (codominant, dominant,
overdominant, and recessive) and were validated by logistic
regression analysis. The odds ratio was calculated with a
95% confidence interval (95% CI). The P values were two-
tailed and adjusted by Bonferroni correction (Pc). Next, to
exclude spurious association the Benjamini–Hochberg test
was used for multiple test correction [32]. Pairwise linkage
disequilibrium (LD, D′) analysis between polymorphisms
and haplotype reconstruction were performed. The asso-
ciations between haplotypes and ADRs were determined
by the Exact Fisher test. The HWE and haplotype recon-
structions were performed using SNPstats software
(https://www.snpstats.net/start.htm). The association analy-
sis was conducted with SPSS software V.25 (IBM Corp.,
NY, USA). P values < 0.05 were considered statistically
significant.

Results

Table 1 depicts the basic characteristics of the group of 310
patients who were suspected to have a pandemic influenza
virus A/H1N1 infection. Of the samples, 56% were from
females, and 44% were from males. No significant differ-
ences were found between the ages of the female and male
patients. The proportions of hospitalised female and male
patients were similar (42% and 44%, respectively), and only
five patients died (two females and three males). The
patients’ common clinical features (>70% of patients) were
fever, cough, and the sudden onset of symptoms and head-
ache. The majority of patients presented rhinorrhoea, pros-
tration, shaking chills, myalgia, arthralgia, and odynophagia
(Table 2). Of the total group, 130 (42%) tested positive for
influenza A/H1N1, 11 (3.5%) were positive for seasonal
influenza, and 169 (54.5%) were negative for influenza. The
aetiological agent for patients with negative samples
remained unknown. All patients were treated with

Fig. 1 Transport, metabolism, and interactions of oseltamivir. The
pro-drug oseltamivir phosphate is taken up by the peptide transporter 1
(PepT1) and is effluxed by P-glycoprotein (P-gp) before its activation
by carboxylesterase 1 to oseltamivir carboxylate. Oseltamivir car-
boxylate inhibits the release of progeny viruses from infected cells by
blocking the viral neuraminidase but also inhibits the activity of
human sialidase 2. The SNPs evaluated in this study are depicted in
each protein. Pept1 peptide transporter 1 (encoded by SLC15A1 gene),
P-gp P-glycoprotein 1 (encoded by ABCB1 gene), HA hemagglutinin,
NA neuroaminidase.
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oseltamivir at 75 mg/kg/day for at least 5 days, and the signs
and symptoms that were provoked by oseltamivir were
recorded. Only 38 patients presented ADRs to oseltamivir
(Table 3), although some cases counted more than one
adverse event in a given subject. Serious effects such as
depression and anxiety were observed in three (0.9%)
patients, but no seizures or hallucination effects were
reported (Table 3). Thirty-one patients (10%) manifested
gastritis, and six patients (1.9%) manifested hypersensitivity.

For the genetic tests, the polymorphisms rs2297322 of
the SLC15A1 gene, rs2032582 (G/A) of the ABCB1 gene,
and rs2307243 of the CES1 gene were found to be in
Hardy–Weinberg disequilibrium (P < 0.05). Therefore, only
ABCB1-rs3789243, ABCB1-rs1128503, ABCB1-rs2032582
(G/T), ABCB1-rs2032582 (A/T), ABCB1-rs1045642, CES1-
rs71647871, and NEU2-rs2233385 were included in sub-
sequent analysis. Table 4 depicts the genotypes. A χ2 ana-
lysis was performed to establish whether the identified

variants explain the ADRs observed in the Mexican popu-
lation. Only rs1045642 of ABCB1 gene (C3435T) was
found to be significantly associated with ADRs (P= 0.031)
under the codominant model (Table 4). Then, the poly-
morphism ABCB1-rs1045642 was subjected to logistic
regression analysis for each ADR observed, and a trend of
association was found between this SNP and gastritis (P=
0.057) under the codominant model, but it was significantly
associated under the recessive model. Allele C is a protec-
tive factor (OR: 0.395, P= 0.017), and allele T had an
increased risk of gastritis (OR: 2.532, Table 5).

Haplotype analysis revealed that 19.4% of patients were
distributed mainly among four different haplotypes
(Table 6). Table 7 depicts the results of a LD analysis of the
SNPs. The associations of nonfunctional variants that
depend on LD were heterogenic. The analysis demonstrated
that ABCB1-rs3789243 and CES1-rs71647871 were in LD
(P= 0.029). Similarly, ABCB1-rs1045642 and NEU2-
rs2233385 were in LD (P= 0.0435). Thus, our results
suggest the identification of two haplotypes. No association
was found between haplotypes and ADRs.

Discussion

Oseltamivir was the most suitable treatment for the influ-
enza A/H1N1 2009 pandemic. However, several side
effects were reported. The prevention of those effects
requires an understanding of how genetic polymorphisms
affect oseltamivir’s interaction with neuraminidases, meta-
bolism, and transport. There was no record of its side effects
in Mexico, despite its extensive use for influenza treatment.
This study identified that only three patients (0.96%) pre-
sented side effects to oseltamivir treatment that were asso-
ciated with neuropsychiatric adverse events (NPAEs) such
as anxiety and depression. In contrast, during the 2009
influenza pandemic period in the USA and Japan, only
~0.002% of patients presented NPAE [10]. That percentage
is less than two orders of magnitude of the results of
our study.

Table 2 Clinical features of the Mexican patients with acute
respiratory diseases (N= 310).

Signs/symptoms N %

Fever 264 85.2

Cough 254 81.9

Sudden onset 223 71.9

Headache 219 70.6

Rhinorrhoea 212 68.4

Prostration 200 64.5

Shaking chills 190 61.3

Myalgia 190 61.3

Arthralgia 185 59.7

Odynophagia 168 54.2

Dyspnoea 153 49.4

Chest pain 121 39.0

Abdominal pain 83 26.8

Coryza 65 21.0

Conjunctivitis 50 16.1

Irritability 33 10.6

Diarrhoea 32 10.3

Polypnea 26 8.4

Cyanosis 26 8.4

Table 3 Adverse drug reactions associated with oseltamivir
administration in Mexican patients (N= 310).

Adverse drug reactionsa N %

Gastritis 31 10

Hypersensitivity 6 1.9

Anxiety 2 0.6

Depression 1 0.3

Seizures 0 0

Hallucination 0 0

aCase counts may reflect multiple adverse events in a given subject.

Table 1 Characteristics of the Mexican patients with acute respiratory
diseases included in this study.

Gender N (%) Age ± SD Hospitalised (%)

Female 173 (55.8) 29.3 ± 19.6 74 (42.8)

Male 137 (44.2) 30.5 ± 22.9 61 (44.5)

Total 310 (100) 29.8 ± 21.1 135 (43.5)

SD standard deviation.
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P-glycoprotein and PepT1 are transporters that facilitate
oseltamivir bioavailability. Both are expressed in the
luminal membrane of the intestine and in brain capillaries
[10, 17, 18, 33]. Oseltamivir phosphate but not oseltamivir
carboxylate is a substrate for P-glycoprotein [17]. Genetic
variants of the ABCB1 gene, which encodes human P-gly-
coprotein, have been identified, and some of those variants
modify the transport rate of anticancer and anti-cholesterol
drugs [22, 34]. The rs1045642 and rs2032582ABCB1 gene
variants, which are the most extensively studied, have been
associated with differences in expression and function
[31, 32, 35, 36]. The frequency of the rs1045642 allele in
the present population was not significantly different from
its frequency in several European populations [35]. How-
ever, African populations have exhibited an elevated pre-
sence of the mutated allele (i.e. 73–83%) [36].

The P-glycoprotein polymorphism rs2032582 is strongly
associated with rs1045642. Previous studies have demon-
strated the influence of this mutation in neuropsychiatric
diseases [26] and on the pharmacological effect of paroxetine
[37]. Moreover, the rs1128503 polymorphism, which is
related to abnormal folding of the protein, can segregate with
rs1045642 and rs2032582 [36, 38]. This polymorphism of
rs1128503has higher frequencies among South and East
Asian populations (59% and 63% respectively) than our
population (52.4%) and has been related to different clinical
manifestations such as epilepsy [39] and adverse reactions to
anticancer treatment [40]. In addition, an increased frequency
of the T allele has been found in patients who presented with
myalgia, but no association was reported [41].

The SNP rs3789243 is a polymorphism that is located in
intron 3 of the ABCB1 gene. Although the function of
rs3789243 is not well defined, studies have associated it
with epilepsy [42] and the risk of suffering some types of
cancer [43]. Our study determined that this allele occurs in
54.8% of the Mexican population (Table 6), which is
similar to the frequency in American, African, and Eur-
opean populations (see 1000 Genomes Project Phase 3
allele frequencies at http://grch37.ensembl.org/Homo_sa
piens/Info/Index). In contrast to a previous study that
demonstrated that oseltamivir NPAEs might be related to
the presence of rs2032582 and rs1045642 ABCB1 gene
polymorphisms [26], our data indicated that only rs1045642
was associated with oseltamivir adverse effects.

PepT1 plays an important role in the absorption of
dipeptides; tripeptides; and compounds that mimic peptides,
including antibiotics administered orally such as β-lactams
[44]. PepT1 also plays an important role in the transport of
oseltamivir [18]. SLC15A1, the gene that encodes PepT1,
presents several allelic forms. In particular, the rs2297322
polymorphism significantly reduces the transport capacity
of PepT1 [45]. The objective of this study was to evaluate
whether this polymorphism is associated with the adverse

Table 4 Genotype frequencies and association between genotypes
and ADRs.

Genotypes
gene-SNP

N HWE Association to ADRs

χ2 P value Yes (N) No (N) P value

SLC15A1-rs2297322

C/C 144 6.025 0.138 14 130 ¥

C/T 120 21 99

T/T 46 3 43

ABCB1-rs3789243

C/C 71 3.18 0.0746 11 60 0.12

C/T 138 20 118

T/T 101 7 94

ABCB1-rs1128503

C/C 73 0.412 0.5209 8 65 0.949

C/T 149 19 130

T/T 88 11 77

ABCB1-rs2032582

G/G 99 4.4522 0.0348 13 86 ¥

G/A 112 15 97

A/A 54 7 47

G/G 99 0.6428 0.4226 13 86

G/T 16 1 15 0.909

T/T 0

A/A 54 3.7191 0.0534 7 47

A/T 29 2 27 0.789

T/T 0

ABCB1-rs1045642

C/C 71 1.58 0.2088 7 64 0.031*¤

C/T 143 12 131

T/T 96 19 77

CES1-rs71647871

C/C 306 0.013 0.9089 38 268 1

C/T 4 0 4

T/T 0

CES1-rs2307243

G/G 67 114.73 9.01−27 5 62 ¥

G/A 239 33 206

A/A 4 0 239

NEU2-rs2233385

G/G 267 1.144 0.2848 36 231 0.343

G/A 40 2 38

A/A 3 0 3

SNP single nucleotide polymorphism, HWE Hardy–Weinberg equili-
brium, ADRs Adverse drug reactions.
¥Not included in association analysis because these markers are in
HWE–disequilibrium; ¤lower than Benjamini–Hocheberg P value
(0.041); *statistically significant.
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effects caused by treatment with oseltamivir. However, the
data demonstrate that the allelic and genotypic frequencies
of the SLC15A1 gene were not in Hardy–Weinberg equili-
brium, and analysis of this mutation was therefore omitted
from this paper.

In addition to bioavailability alterations, oseltamivir
adverse effects have also been associated with deficiencies
in its metabolism. CES1, the main enzyme responsible for
oseltamivir metabolism [46], presents genetic polymorph-
isms that change the conformation of the protein, which
results in enzymes with slow or no activity. In particular,
in vitro and in vivo studies have demonstrated that the
allelic variant rs71647871 presents a decreased oseltamivir
metabolism [19]. As Table 4 demonstrates, the genotypic
and allelic frequencies of the CES1 rs71647871 poly-
morphism in our Mexican population were <1%, similar to
the frequencies reported in Americans [47]. Other genetic
studies have revealed mutation frequencies in CES1 of 3.7%

in white populations, 4.3% in black populations, 2.0% in
Hispanic populations, and 0% in Asian populations [47].
Shi et al. suggested that this mutation could explain ~4% of
the variability in the activation of oseltamivir [19]. While
the rs2233385 NEU2 polymorphism has not been reported
in European and African Americans, our results establish
that the allelic frequency of this variant in the Mexican
population was 7.4%, which is very similar to the frequency
observed in Asian populations (9.2%) [29]. However, no
association with oseltamivir side effects was found. Addi-
tional factors, such as oseltamivir’s interactions with other
drugs and alterations of inflammatory cytokines, could
influence the activity of receptors and enzymes. These
factors might contribute to an increase in the accumulation
of oseltamivir, thus increasing the occurrence of adverse
effects in humans. The limitations of this study were that it
analysed a small number of samples and observed a low
number of adverse effects. For these reasons, it is necessary
to validate our results in a larger number of samples to
suggest to the polymorphism in the transporter as a potential
predictive biomarker of ADRs in oseltamivir treatment.

In conclusion, the polymorphism rs1045642 in the
transporter encoded by the ABCB1 gene is a potential pre-
dictive biomarker of ADRs in oseltamivir treatment.
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