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Abstract

Background
Gastrointestinal mucositis is a severe complication after autologous stem cell 
transplantation (HSCT). The current study aimed to investigate the exposure of 
ciprofloxacin, fluconazole and valacyclovir in different stages of gastrointestinal 
mucositis and to correlate the exposure with alterations in the composition of the 
gut microbiota. The aim of our study was to investigate the relationship between 
gastrointestinal mucositis severity, plasma concentration of ciprofloxacin, fluconazole 
and valacyclovir and the composition of the gut microbiota.

Material and methods
A prospective, observational pilot study was performed in HSCT patients aged ≥18 
years receiving anti-infectives orally or intravenously. Left-over blood samples and 
fecal swabs were collected from routine clinical care until 14 days after HSCT. The 
blood samples were analysed for anti-infective and citrulline concentrations. The 
fecal swabs were used to perform 16S rRNA Gene Sequencing to determine the 
composition of the gut microbiota.

Results
From September 2019 to January 2021, 21 patients with a median age of 58 
(interquartile range 54-64) years were included in the study. In total, 252 citrulline, 155 
ciprofloxacin, 139 fluconazole and 76 acyclovir concentrations were obtained and 48 
fecal swabs were analysed. Fluconazole showed the most variation in concentrations. 
No correlation was observed between citrulline and drug concentrations obtained 
during oral dosing. Severe gastrointestinal mucositis was observed in all patients 
determined by decrease of citrulline concentrations over time from HSCT for all 
patients. 16S rRNA sequencing shows a decrease in alpha diversity during early and 
middle phase of mucositis. 

Conclusions
This pilot study was the first attempt to describe the exposure of anti-infectives 
during different stages of gastrointestinal mucositis as expressed by plasma citrulline 
concentrations. Using the left-over samples from clinical care seemed appropriate as 
this was a pilot study, however this made it difficult to assess drug exposure due to 
the long half-life of fluconazole and low trough concentrations of ciprofloxacin and 
valacyclovir. Future studies should be performed with more intense sampling and 
for a longer period to assess the effect of mucositis on drug exposure. 
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Introduction

Gastrointestinal mucositis is a severe complication of almost all cytotoxic 
chemotherapeutic agents and is characterized by severe ulcerations throughout 
the gastrointestinal tract1. The agents that are most often associated with mucositis 
are alkylating agents (e.g., cyclophosphamide), anthracyclines (e.g., doxorubicin), 
antimetabolites (e.g., 5-fluorouracil), antitumor agents (e.g., bleomycin), taxanes and 
vinca alkaloids2. Clinically, this complication manifests as diarrhoea and abdominal 
pain, whilst also predisposing to infection in an immunocompromised host. As 
such, it will severely impact quality of life and requires intensive supportive care3–5. 
In autologous stem cell transplantation (HSCT) recipients, gastrointestinal mucositis 
is considered most burdensome as these patients receive particularly high doses of 
chemotherapy and are profoundly immunosuppressed1,6.

Due to the high incidence of gastrointestinal mucositis and level of      
immunosuppression, HSCT recipients are highly susceptible to blood stream 
infections, which arise from endogenous sources (i.e., translocation of enteric 
pathogens) and exogenous contaminants (e.g., catheters)7. Antimicrobial prophylaxis 
is therefore used to avoid complications such as febrile neutropenia and invasive 
fungal infections8. The efficacy of the prophylaxis is dependent on not only the 
drug exposure and pathogen susceptibility but also on the architecture and function 
of the gastrointestinal tract, in particular the integrity of the mucosa9. Given that 
gastrointestinal mucositis itself affects the integrity of the mucosa, decreasing its 
absorptive capacity yet increasing its permeability, there is a strong possibly that 
gastrointestinal mucositis alters the uptake of orally administered antimicrobials, 
and thus, the integrity of the mucosa may need to be considered in optimising 
their administration. Further to this, in the case of intravenously administered 
drugs, the composition of the host microbiota must also be acknowledged. Given 
the microbiome is profoundly disrupted in HSCT recipients, this again represents 
as a possible confounder in antimicrobial drug activity that, to date, has not been 
adequately considered. A sequence of events associated with GI-M pathobiology 
including inflammation and cell apoptosis leads to an eventual break of the barrier, 
thus impairing intestinal absorption10–12.

The lack of appreciation for how gastrointestinal mucositis may affect anti-infective 
drug absorption and thus exposure likely reflects the variable and semi-quantitative 
assessment by the clinical care team13. In some institutes, plasma citrulline – a 
biomarker of enterocyte mass - is routinely used to monitor gastrointestinal 
mucositis severity. Citrulline has been proposed as a potential marker for the degree 
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of mucositis14,15. Citrulline is a nonprotein amino acid produced in the enterocytes 
by glutamine, which has been shown to correlate with the intestinal villus length 
and with radiation-induced and melphalan-induced mucositis in mouse and rat 
models16–20. In HSCT recipients, low citrulline concentration has been related to 
severe mucosal barrier injury and, compared to other coring systems, citrulline 
showed the strongest correlation to the daily gut score21–23.

Given the lack of consensus and insight into how gastrointestinal mucositis impacts 
the absorption and bioavailability of antimicrobial drugs9,24,25, and the ability to 
objectively assess this relationship using citrulline, the aim of our study was to 
investigate the relationship between gastrointestinal mucositis severity, plasma 
concentration of ciprofloxacin, fluconazole and valacyclovir and the composition of 
the gut microbiota. 

Materials and Methods

Study design

A prospective, observational pilot study was performed in the Department of 
Hematology, University Medical Center Groningen (UMCG), Groningen, the 
Netherlands. Patients aged ≥18 years undergoing HSCT and receiving anti-infective 
therapy as routine clinical care (ciprofloxacin, fluconazole and valacyclovir) orally 
or intravenously were eligible to enter this study. Patients deemed unsuitable to 
participate (e.g., critical illness resulting in severely reduced life expectancy) as 
judged by the attending physician were not included in the study. Written informed 
consent was obtained from each patient. The study was evaluated by  the Medical 
Ethics Committee of UMCG and considered to have a negligible risk due to the 
observation nature of the study (METc 2019/073).

The primary objective was to describe the exposure of anti-infectives during 
different stages of mucositis as defined by citrulline concentrations and analyse the 
relationship between anti-infective and citrulline concentrations. The secondary 
outcome was to investigate the composition of the gut microbiota at the baseline 
level and during mucositis and to explore a potential relationship between gut 
microbiota and the exposure of anti-infectives.

Data and sample collection

Left-over blood samples from routine care were collected daily and up to and 
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including day +14 after autologous stem cell transplantation, if available. EDTA 
tubes containing left-over blood were centrifuged at 3000 rpm for 5 minutes. The 
resultant plasma was used to measure ciprofloxacin, fluconazole, acyclovir and 
citrulline concentrations. Available left-over fecal swabs (ESwabs, Copan Diagnostics 
Inc, Brescia, Italy) were collected from the laboratory of Medical Microbiology and 
Infection Control of the UMCG in the same time period. The fecal swabs were used 
to characterise the composition of the gut microbiota.

The following data was collected from electronic patient files: demographic data 
(sex, age, weight, height), presence of dialysis, presence of gastrointestinal tubes, 
documented vomiting or diarrhea,  co-medications, drug regimen for the analyzed 
anti-infectives (dose, frequency, route of administration), any plasma or serum 
concentrations of medications obtained in routine care and routine blood tests.

Bioanalysis

Fluconazole, ciprofloxacin and acyclovir concentrations were measured using 
a validated liquid chromatography-tandem mass spectrometry assay (Thermo 
Fisher Scientific triple quadrupole Quantiva MS/MS system with a Thermo Fisher 
Scientific Vanquish UPLC system, Waltham, MA, USA). The methods were validated 
in accordance with the Guidance for Industry Bioanalytical Method Validation of 
the Food and Drug Administration (FDA) and Guideline on bioanalytical method 
validation of the European Medicines Agency (EMA)26,27.

Fluconazole

For the sample preparation 500 mL precipitation reagent (methanol containing 0.1 
mg/L fluconazole-2H4) was added to 10 mL plasma. The sample was vortexed for 1 
min and centrifuged for 5 min at 9500 rcf. After this, 0.5 mL of the supernatant was 
injected into the LC/MS-MS system. For fluconazole the linear range was 0.5-50 
mg/L with an r2 of 0.9975. The validation showed an overall bias ranging from -0.6 
% to -5.8 %, a within-run coefficient of variation (CV) ranging from 1.6 % to 4.5 % 
and a between-run CV ranging from 0.4 % to 3.6 %.

Ciprofloxacin

For the sample preparation 500 mL precipitation reagent (methanol containing 0.2 
mg/L ciprofloxacin-2H8) was added to 100 mL plasma. The sample was vortexed for 
1 min and centrifuged for 5 min at 9500 rcf. After this, 0.5 mL of the supernatant was 
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injected into the LC/MS-MS system. For ciprofloxacin the linear range was, 0.1-10 
mg/L with an r2 of 0.9982. The validation showed an overall bias ranging from 6.1 % 
to -9.5 %, a within-run coefficient of variation (CV) ranging from 2.2 % to 6.1 % and 
a between-run CV ranging from 0.0 % to 2.1 %.

Acyclovir

For the sample preparation 500 mL precipitation reagent (methanol containing 0.5 
mg/L acyclovir-2H5) was added to 100 mL plasma. The sample was vortexed for 1 
min and centrifuged for 5 min at 9500 rcf. After this, 0.2 mL of the supernatant was 
injected into the LC/MS-MS system. For acyclovir the analytical range was, 0.1-20 
mg/L with an r2=0.9991. The validation showed an overall bias ranging from -1.7 % 
to 5.3 %, a within-run coefficient of variation (CV) ranging from 0.9 % to 2.8 % and a 
between-run CV ranging from 1.4 % to 7.7 %.

Mucositis assessment

Plasma citrulline was measured in 30 µL of plasma using automated ion-exchange 
column chromatography as previously described17,21. Levels below 10 µmol/L 
indicated hypocitrullinemia and considered to represent severe intestinal damage.

Microbiome analysis; 16S rRNA Gene Sequencing

The fecal microbiota composition was assessed using 16S rRNA sequencing as 
previously described, with few modifications28–30. To optimize DNA isolation, ESwab 
tips were vortexed with lysis buffer (500 mM NaCl, 50 mM Tris-HCl (pH 8), 50 mM 
EDTA, 4 % SDS) and 3mm glass beads for 5 minutes. The resultant mixture was 
transferred into a screw-cap tube and DNA was extracted using the double bead-
beater procedure and the QIAamp DNA Stool Minikit guidelines30. Isolated DNA 
was quantified using the NanoDrop UV Visible Light Spectrophotometer (Thermo 
Fischer Scientific) and the V3-V4 region amplified using polymerase chain reaction 
(PCR)31. Each PCR reaction contained 1 ml of 10 mM 341f forward primer, 25 ml Phire 
HS II Master Mix, 22 ml DNase free water, 1 ml of 10 mM 806r barcoded reverse primer 
and 1 ml DNA template (100 ng/ml). The sequence of the primers used in this study 
is listed in Supplementary material 1. PCR products denatured at 98°C for 30 sec, 
and amplified over 31 cycles of 98°C for 5 sec, 50°C for 5 sec, 72°C for 10 sec. Samples 
were held at 72 °C for 1 min and kept at 4°C until collection. Amplification was 
confirmed using gel electrophoresis.
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Size selection and fragment removal was performed using AMPure XP beads 
(Beckman Coulter Diagnostics, Brea, California) as per manufacturer’s guidelines, 
before the final PCR products were normalized to 2mM and pooled to form a single 
library which was stored at -4oC until sequencing. Sequencing was performed using 
the MiSeq Benchtop Next Generation Sequencer (Illumina, San Diego, California). 
The paired-end sequencing data received from Illumina software were processed 
by the software PANDAseq (version 2.5) and QIIME (version 1.7.0)32,33. Readouts 
with a quality score below 0.9 were discarded by PANDAseq to increase the quality 
of the sequence readouts. De novo operational taxonomic unit (OTU)-picking was 
performed without chimera filtering using Greengenes (version 13.5) as a reference 
database.

Statistical analysis

Numerical variables were summarised with medians and interquartile range (IQR), 
categorical variables by frequencies and percentages. The plasma concentrations of 
anti-infectives and citrulline were summarised with quantitative values and range. 
According to data normality for the correlation analysis, Pearson’s or Spearman’s 
test was performed. 

The multiple comparisons between citrulline, defined mucositis phases, between 
OTU reads, Alpha diversity and mucositis phases was done with Kruskal-Wallis test 
and single comparisons between individual groups and chemotherapy regimens 
were done with the Wilcoxon test, which was corrected for multiple testing.

A p-value of <0.05 was considered statistically significant. Statistical analysis was 
performed with R version 4.0.5. 16S rRNA sequencing analysis was performed using 
Qiagen CLC genomics workbench.

Results

From September 2019 to January 2021, 21 patients with a median age of 58 (IQR 54-64) 
years were included in the study. At inclusion no patients were deemed unsuitable 
to participate. Eleven patients (52%) had multiple myeloma and melphalan was the 
main (57%) conditioning regimen used. The patient characteristics are presented in 
Table 1. From the left-over samples (n=258), 252 citrulline, 155 ciprofloxacin, 140 
fluconazole and 78 acyclovir concentrations were obtained and 48 fecal swabs were 
analysed. 
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Characteristic Patients (n=21) 
Age (median, IQR) 58 (54-64) 
Male/Female (n, %) 17/7 (81%/19%) 
Weight (kg, median, IQR) 96 (82-105) 
Height (cm, median, IQR) 180 (176-188) 
Body mass index (kg/m2, median, IQR) 27.8 (25.6-29.4) 
Underlying disease  

Multiple myeloma 
Diffuse large B-cell lymphoma 
Non-Hodgkins lymphoma 
Acute myelogenous leukemia (AML) 
POEMS syndrome 

 
11 (52%) 
4 (19%) 
3 (14%) 
2 (10%) 
1 (5%) 

Conditioning regimen  
Melphalan 
BEAM (carmustine, cytarabine, 
etoposide, melphalan) 
Cyclophosphamide, busulfan 

 
12 (57%) 
7 (33%) 
 
2 (10%) 

Measurements in plasma (n=258) 
Citrulline 

Median (IQR) per patient 

 
252 

13 (10-13) 
Ciprofloxacin  

Median (IQR) per patient 
155 

8 (5-11.5) 
Fluconazole  

Median (IQR) per patient 
140 

6 (5-13) 
Acyclovir 

Median (IQR) per patient 
78 

6 (4-12) 

Citrulline and anti-infective drug concentrations in plasma

The median of the measured citrulline was 11.9 (range 3.3-60.4) mmol/L. In all the 
patients, a decline in citrulline levels was observed over time (Figure 1). There was a 
significant decline of citrulline from baseline to early phase and baseline to mid phase 
(p=8.5x1012, p=6.8x1010 respectively, Figure 1B). In early phse there was a significant 
difference between the conditioning regimens BEAM and cyclophosphamide, 
busulfan (p=0.03) and cyclophosphamide, busulfan and melphalan (p= 9.81x107, 

Figure 1C).

Most of the concentrations obtained from the left-over plasma samples were 
considered trough concentrations (Cmin, -3 to 0h before drug intake), which is the 
concentration measured before the next dose. For ciprofloxacin, acyclovir and 

Table 1. Patient characteristics

POEMS syndrome = polyradiculoneuropathy, organomegaly, endocrinopathy, monoclonal plasma 

cell disorder, skin changes
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fluconazole the median trough concentrations were 0.3 (range 0.1-1.6) mg/L, 0.1 
(range 0.1-0.3) and 5.5 (range 0.5-14.8) mg/L respectively. Ciprofloxacin was 
administered twice daily as 500 mg orally or 400 mg intravenously, valacyclovir 
500 mg twice daily orally and fluconazole 200 mg once daily either orally or 
intravenously. Fluconazole showed the most variation in concentrations (Figure 
2). Drug and citrulline concentrations are presented in Supplementary Figure 1. 
As the fluconazole concentrations were higher than ciprofloxacin and acyclovir 
concentrations, these are presented separately in Figure 3.

For the correlation analysis, a single fluconazole, ciprofloxacin and acyclovir Cmin 
under oral dosing and citrulline concentration from day 10 (±1 day) and day 13 
(±1 day) was included. As data was not normally distributed, Spearman’s test 
was performed. For both days, there was no correlation observed with any of the 
observed drugs (Table 2).

Figure 1. Dynamics of plasma citrulline from HSCT, by time (A), treatment subgroup 
(B) and conditioning regimen (BEAM, melphalan and cyclophosphamide, busulfan) 
(C). Plasma citrulline (µmol/L) was significantly reduced during the early- and mid-
phases (A-B). The values above boxplots represent Wilcoxon p-values (B-C).
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The effect of vomiting or diarrhea was also investigated. The presence of vomiting 
and dirahhea together with fluconazole Cmin are presented in Supplementary Figure 
2. Fluctuations in fluconazole concentrations did not seem to be caused by vomiting 
and diarhhea.

Figure 2. All drug concentrations over time in log10 scale.
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HSCT-induced microbial alterations are dependent on the conditioning regimen 

HSCT did not induce significant alterations in microbial load over time, as indicated 
by operational taxonomic units (OTUs, Figure 4 A and B). Alpha diversity was 
significantly decreased between baseline and early phase (1.676± 0.7047 vs 1.099± 
0.7398; p=0.0317), not returning to baseline levels in the mid phase (Figure 4 
D and E). Changes in alpha diversity and OTUs were comparable between the 
conditioning regimens (Figure 4 C and F). There was a significant difference of 
alpha diversity between BEAM and melphalan regimens in the early phase. Relative 
abundance (taxonomic level genus) showed compositional differences according to 
the conditioning regimen (Figure 5). The more significant differences were observed 
in the relative abundance of Streptococcus and Straphylococcus species. In fact, while 
conditioning regimen with melphalan or cyclophosphamide, busulfan induced an 
increase of the relative abundance of Streptococcus, BEAM significantly influenced 
the growth of Straphylococcus. Conditioning regimen with BEAM led to an increase 
of Staphylococcus and a reduction of Streptococcus at the early phase, when compared 
to the baseline. Melphalan treatment significantly increased the relative abundance 
of Escherichia and Shigella at the early phase, returning to baseline at the mid phase 
(Figure 5).

Table 2. Correlation analysis between citrulline and individual antibiotic 
concentrations

 rr p-value 
Fluconazole 

Day 10 (±1 day) 
Day 13 (±1 day) 

 
-0.23 
-0.43 

 
0.51 
0.35 

Ciprofloxacin  
Day 10 (±1 day) 
Day 13 (±1 day) 

 
-0.71 
-0.32 

 
0.18 
0.68 

Acyclovir  
Day 10 (±1 day) 
Day 13 (±1 day) 

 
-0.35 
0.42 

 
0.49 
0.23 

 r = Spearman’s rho value
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by time from SCT (A, D), treatment subgroup (B, E) and conditioning regimen (C, 
F). Microbial load, represented by OTUs. Microbial richness (D-F) was assessed by 
alpha-diversity determination. The values above the boxplots represent Wilcoxon 
p-values (B-C, E-F).

Figure 5. Relative abundance between the conditioning regimens (BEAM, melphalan 
and cyclophosphamide, busulfan) according to treatment subgroup. Relative 
abundance (taxonomy level genus) showed a different bacterial composition 
between conditioning regimen. 
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Discussion 

Antimicrobial prophylaxis has produced unquestionable advances in the 
management of cancer therapy. These agents have been crucial in the prevention of 
microbial infections in immunocompromised patients34. However, mucosal injury 
during gastrointestinal mucositis is thought to lead to changes in the absorption 
of these drugs, which may compromise their success. To our knowledge, this pilot 
study is the first attempt to describe the exposure of anti-infectives during different 
stages of gastrointestinal mucositis as expressed by plasma citrulline concentrations. 
We had an important research question – will there be different exposure of anti-
infectives in a patient group where the highest prevalence of mucositis is observed 
(autologous HSCT).

We compared our population average ciprofloxacin, valacyclovir and fluconazole 
concentrations with previously published data. Ciprofloxacin trough concentrations 
(12 hours after administration – C12) have shown to range from 0.04-0.75 mg/
L35. In a more recent study in healthy volunteers, median C12 was reported to be 
approximately 0.4 mg/L (SD 0.06) for males and 0.6 mg/L (SD 0.2) for females36. In 
healthy volunteers, C12 of acyclovir after multiple doses 250-2000 mg of valacyclovir 
was shown to be approximately 0.3 mg/L (range 0.06-0.5)37. Fluconazole Cmin have 
previously reported to be 4.5 mg/L on the first day and 6.5 mg/L on the fifth day38. 
For all the investigated anti-infectives, the drug concentrations were comparable to 
what has been reported before.

We did not observe a correlation between the extent of mucositis and anti-infective 
concentrations, however that might have been due to the limited sample size. 
Despite severe mucositis we observed increasing fluconazole concentrations over 
time. Although, because of the pharmacokinetics of fluconazole (e.g., a long half-life 
of 25-40 hrs) and too short study period, we were unable to draw conclusions from 
this study concerning drug exposure and the relationship between mucositis and 
drug exposure39,40.

Recently, the gut microbiota has received great attention due to its influence on 
gastrointestinal mucositis pathobiology. Here, we investigated the dynamic changes 
occurring in the gut microbiota at different time points and how these changes 
could potentially impact drug absorption and mucositis progression. Our results 
show a significant decrease in microbial richness, as indicated by alpha-diversity, in 
HSCT patients between baseline and the early phase. This reduction was paralleled 
with increases of Staphyloccocus, Enterococcus and Escherichia at the same time 
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point, aligning with previous studies that report an increase in Enterococcus and 
Staphyloccocus following HSCT41,42. Interestingly, in this study we also observe that 
conditioning regimen drives distinct microbiota changes. In fact, we observed that 
the BEAM conditioning regimen might be associated with an overall increase of 
Staphylococcus, while cyclophosphamide and busulfan conditioning regimen led to 
an increase of Enterococcus. Since current associations between the microbiota and 
conditioning regimen are inconsistent, our results can contribute to the improvement 
of guidelines for the prophylactic treatment with anti-infective drugs during HSCT. 

There are some limitations in this study. We measured only the anti-infectives that 
were prescribed in this patient population once daily. Moreover, fluconazole is not the 
best drug to assess over a 14-day period, as it can take up to 10 days to reach steady 
state looking into. Anti-infectives with a shorter half-life or prolonging the study 
period would be beneficial. It would be best to have multiple time-points in a day to 
calculate are under the concentration-time curve (AUC), which is used to show anti-
infective exposure over time. Optimal sampling regimens have been developed to 
calculate the AUC for different anti-infective. Thus, drug concentrations measured 
at 3-4 time-points could be used to determine AUC43,44. Multiple time points can 
be obtained from left-over blood in the intensive care as arterial blood gasses are 
measured multiple times per day. In a recent study this approach was successfully 
used to determine fluconazole exposure in critically ill patients45.

Using the left-over samples from clinical care seemed appropriate as this was a pilot 
study, which has not been done before and we wanted to keep burden for patients 
as low as possible. A single daily drug concentration over the period of 14 days after 
transplantation is not enough to determine drug exposure, however severe mucositis 
could be observed in all patients and we see changes in bacterial composition of the 
gut according to the conditioning regimen. We believe this study design could be 
applied to a bigger prospective study with more intense sampling to investigate the 
relationship between drug exposure and gut microbiome.
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Supplementary Figure 1. Anti-infective and plasma citrulline concentrations over 
time. Drug concentrations in mg/L (ciprofl oxacin, fl uconazole, acyclovir) on the 
left y-axis and citrulline concentrations (mmol/L) on the right y-axis. The triangle 
represents citrulline, square intravenous dosing, round oral dosing. The fi lled 
rounds and squares represent a trough concentration, the empty rounds and squares 
are not trough concentrations.
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Supplementary Figure 2. Fluconazole concentrations over time. Blue represents 
presence of vomiting and/or diarhhea at the day of measurement, yellow represents 
no vomiting and/or diarhhea present. The triangle represents oral dosing and the 
circle intravenous dosing.
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