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Abstract

Background: Oral 5-aminosalicylic acid (5-ASA, mesalazine)
is the first choice therapeutic agent for treating mild-to-
moderate ulcerative colitis (UC). Unfortunately a significant
group of patients fail to respond. Therapeutic drug monitor-
ing might help to maintain or induce remission by providing
a tool for optimization of 5-ASA therapy. However, plasma
and urine concentrations of 5-ASA reflect systemic uptake
and are not useful to evaluate therapeutic effect. Objectives:
To explore if mucosal and faecal 5-ASA values correlate with
disease activity and/or therapeutic effects in patients with
inflammatory bowel disease, especially UC. Method: We
identified studies that analysed 5-ASA in faeces or mucosa of
humans using an oral 5-ASA formulation, using PubMed and

Embase. Results: In total, 39 studies (n = 939) were included,
27 on faecal 5-ASA, 9 on mucosal concentrations, and 3 on
both faecal and mucosal values. We included 33 cross-sec-
tional studies, 3 randomised clinical trials, 2 longitudinal co-
horts and 1 randomized cross-over study. Mucosal 5-ASA
concentrations in healthy subjects and patients on equiva-
lent doses of 5-ASA were not found to differ remarkably. In
the sub-analysis of mucosal 5-ASA concentrations in pa-
tients with active or quiescent UC, a higher concentration
was seen during remission. Faecal concentrations were as-
sociated with 5-ASA doses but not with disease activity. Dif-
ferences in faecal or mucosal 5-ASA values could not be as-
cribed to different 5-ASA formulations. Conclusions: An in-
crease of the mucosal 5-ASA concentrations was observed
during remission in patients with UC. No clear relationship
between the faecal 5-ASA excretion and the therapeutic ef-

ficacy was identified. ©2019 The Author(s)
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Introduction

Ulcerative colitis (UC) is a chronic relapsing disease,
mainly affecting the large bowel and is characterized by
contiguous mucosal inflammation. Literature reports
prevalence rates ranging from 90.8 to 505.0 per 100,000
persons in Northern Europe [1]. Oral 5-aminosalicylic
acid (5-ASA, mesalazine) is the first choice therapeutic
agent for mild to moderate UC due to its effectiveness for
both induction (RR 0.86, 95% CI 0.82-0.89) and mainte-
nance of remission (RR 0.69, 95% CI 0.62-0.77) [2, 3]. In
addition to its effectiveness, 5-ASA is a relatively non-
toxic and moderately priced drug. Hence, 5-ASA is wide-
ly used in UC patients, up to 64% of Dutch UC patients
are treated with 5-ASA [4]. Historically, oral 5-ASA has
also been prescribed to patients with Crohn’s disease
(CD), but its efficacy has not been clearly proven [5].

5-ASA exerts its anti-inflammatory effects locally on
the colorectal mucosa. Mechanism of action includes
downregulation and inhibition of many inflammatory
pathways and enzymes such as cyclooxygenase, lipoxy-
genases, interleukin-1, tumour necrosis factor-a, mito-
gen activated protein kinase, nuclear factor-kB and p-21
activated kinase-1 [6-9]. Also, induction of peroxisome
proliferator-activated receptor y and scavenging of free
oxygen radicals have been implicated in the mechanism
of action of 5-ASA [10, 11].

Local metabolism of 5-ASA consists of acetylation to
the inactive metabolite N-Acetyl-5-ASA by the N-acetyl-
transferase 1 enzyme in intestinal epithelial cells and by
intraluminal bacteria. This acetylation process seems to
be saturable [12, 13]. In the liver, N-acetyltransferase 1
metabolises systemically absorbed 5-ASA in a similar
manner. 5-ASA is excreted as a mixture of free 5-ASA and
N-Acetyl-5-ASA in both urine and faeces [14].

Different Formulations

A variety of oral 5-ASA formulations are available on
the market (online suppl. Table, see www.karger.com/
doi/10.1159/000499331). Since 5-ASA acts topically, all
formulations aim to optimise drug delivery to the colon-
ic mucosa with as little systemic absorption as possible
[15]. To this end, prodrugs, pH-dependent release and
time-dependent release formulations have been devel-
oped.

Therapeutic Drug Monitoring

Although all 5-ASA formulations have been proven to
be effective for induction and maintenance of remission
in UG, a significant subgroup of patients fails to respond.
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Thirty-five per cent of the UC patients fail to reach (par-
tial) remission after 8 weeks induction therapy with
5-ASA and 52% fail to maintain complete remission after
12 months maintenance therapy [16]. However, it is
presently unclear whether these patients could benefit
from a higher 5-ASA dosage [2, 3, 17]. It has been sug-
gested that individual variations in local drug metabo-
lism due to genetic polymorphism, or interactions with
the patient’s microbiome, explain different responses to
5-ASA [18, 19]. The currently available therapeutic op-
tions for non-responders include steroids, thiopurines
and biologicals, which have more and potentially serious
side-effects. In addition, the use of biologicals is associ-
ated with higher costs: biologicals are currently the main
cost-drivers in the treatment of patients with inflamma-
tory bowel disease (IBD) [4]. Tailoring 5-ASA therapy to
the specific needs of patients by therapeutic drug moni-
toring (TDM) might therefore be a valid alternative strat-
egy, and is already being applied for thiopurines and bio-
logicals.

TDM comprises determination of drug concentra-
tions in the individual patient with subsequent dose ad-
aptation to improve the efficacy and/or safety or to assess
drug adherence [20]. Most important before applying
TDM, a clear relationship between the drug concentra-
tion and (un)wanted clinical effects has to be established
[21]. In case of a clear concentration-effect relationship,
TDM of oral 5-ASA could be used to evaluate the feasibil-
ity of dose intensification, where non-responders with
sub-therapeutic concentrations could benefit from tailor-
made dose finding for treatment optimisation.

Several strategies have been employed to measure the
concentration of 5-ASA [22]. The plasma and urine con-
centration reflect the fraction that is absorbed in the small
intestine, which is not available for the topical effect on
the colorectal mucosa. Therefore, plasma and urine con-
centrations can be used to evaluate systemic side effects
but not for therapeutic effectiveness [23-25]. On the oth-
er hand, the concentration of 5-ASA in the colorectal mu-
cosa or faeces represent local drug bioavailability at the
side of action and in the gut lumen, respectively. There-
fore, measurement of mucosal or faecal 5-ASA concen-
tration might enable TDM in patients with UC.

A previous systematic review explored the pharmaco-
kinetic profiles of oral 5-ASA formulations including uri-
nary and faecal excretion [26]. In the present systematic
review, we aim to explore whether the mucosal and/or
faecal 5-ASA concentrations correlate with disease activ-
ity and/or therapeutic efficacy in patients with IBD, and
thus have potential for TDM in UC patients.

van de Meeberg/Schultheiss/Oldenburg/
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Materials and Methods

This systematic review was undertaken in line with the Pre-
ferred Reporting Items for Systematic Reviews and Meta-analyses
statement [27]. We registered our research protocol at PROSPERO
with the following registration number CRD42018084816.

Search Strategy and Study Selection

We performed a systematic search of PubMed, MEDLINE and
Embase databases from inception to January 11, 2018 using key-
words relevant to “5-aminosalicylate” and “mucosal concentra-
tion” or “faecal concentration” (see Appendix 1 for all search
terms). After discarding duplicates, 2 reviewers (M.M.M. and
J.P.D.S.) independently screened titles and abstracts for inclusion,
followed by full-text screening, using Covidence [28]. Discrepan-
cies were discussed and resolved with a third reviewer (A.D.R.H.).
Both reviewers screened reference lists and citations (by Scopus
database) of the included studies for additional studies, so called
“snowballing”.

Inclusion criteria were as follows:

1. Healthy subjects (HS) and IBD (CD and/or UC) patients
with an intact colon with the exception of a previous ileocecal re-
section with anastomosis.

2. Use of a regular oral 5-ASA formulation. “Regular” was de-
fined as no self-designed 5-ASA formulations or uncoated
oral 5-ASA. When an oral 5-ASA formulation was combined
with topical 5-ASA administration, (part of) the study was not
included.

3. Measurement of 5-ASA concentration (ng/mg or mmol/L),
recovery of dose (%) or total amount (mg or mmol) in intestinal
mucosa and/or faeces, faecal water or faecal dialysate. If only the
total 5-ASA value (5-ASA plus N-Acetyl 5-ASA) was presented,
the study was not included.

We included all (conference) abstracts and original studies, ir-
respective of design, setting, publication year, publication status
restrictions or language.

Data Extraction and Assessment of Bias

The primary outcome of interest was the measured 5-ASA val-
ue. The most important variable was disease activity (if applicable),
defined as active colorectal inflammation based on clinical, histo-
logic or endoscopic findings.

The following data was extracted by one reviewer (M.M.M.)
and checked by a second reviewer (J.P.D.S): characteristics of
study (year, design, main research question), study population
(number, UC or HS), disease activity (if applicable), oral 5-ASA
formulation (dose, proprietary name), details regarding collec-
tion of faeces and mucosal samples (timing, biological material,
biopsy site), and 5-ASA concentrations in faeces and/or mucosa.
If values were solely presented in figures, Plot Digitizer was used
for data extraction. Since oral 5-ASA efficacy has been estab-
lished in UC patients only, we analysed UC and CD patients if
possible separated. We used GraphPad to construct our figures
[29].

Two reviewers (M.M.M. and J.P.D.S.) critically appraised all
included studies independently and any discrepancies were re-
solved by discussion with a third reviewer (A.D.R.H.). We devel-
oped our own critical appraisal tool because existing tools did not
fit the design of the included studies and our research aim (legend
detailed in Appendix 2).

TDM of Oral 5-ASA

Results

Search Results and Study Characteristics

Figure 1 depicts the search results: 26 of 532 re-
cords were eligible. By snowballing we identified an-
other 13 eligible studies [12, 30-41]. The 39 included
studies (n = 939) included 3 conference abstracts [42-
44].

In total, 27 studies measured faecal 5-ASA concentra-
tions (n = 437), 9 studies mucosal 5-ASA concentrations
(n = 445) and 3 studies both faecal and mucosal concen-
trations (n = 57; Table 1). 5-ASA measurements were car-
ried out in HS in 22 studies (n = 370), UC patients in 13
studies (n = 474), CD patients in 2 studies (n = 50) and
both UC and CD patients (IBD) in 4 studies (1 = 45). The
different 5-ASA formulations investigated (number of
studies in parenthesis) were: Asacol (19), Pentasa (17),
Sulfasalazine (13), Olsalazine (11), Salofalk (3), Apriso
(3), Lialda (3), Claversal (2).

Critical Appraisal

Appendix 2 shows the full critical appraisal. In short,
we appraised 8 studies of low (all faecal analysis) and 6 of
high relevance. We considered 3 studies of low (all faecal
analysis) and 17 studies of high validity. Only one study
was appraised with both high relevance and high validity
[37].

We observed considerable clinical, methodological
and statistical heterogeneity between studies that ren-
dered meta-analysis not possible.

Mucosal Concentration

Disease and Activity

Table 2 summarises the mucosal 5-ASA concentra-
tions in HS and patients with UC and CD with active,
quiescent or undefined disease activity. Because of the
wide variability of 5-ASA concentrations, a clear dis-
tinction between HS and disease status could not
be made solely based on 5-ASA concentrations.

Strikingly, several individual studies reported lower
mucosal 5-ASA concentrations during inflammation.
D’Inca et al. [44] found a significant lower mucosal
5-ASA concentration during the active state of UC,
both based on endoscopic and histological criteria,
compared to quiescent UC (endoscopic active state
35.7 £ 5.7 ng/mg vs. remission 60.1 + 8.0 ng/mg, p =
0.02, and histologic active state 35.5 + 5.6 ng/mg vs. re-
mission 67.5 = 9.2 ng/mg, p < 0.001) [45]. Naganuma
et al. [46] detected an inverse correlation between the
disease activity index of UC patients and mucosal
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5-ASA concentrations (r = 0.71, p < 0.001). This finding
was confirmed by Frieri et al. [47]. In this study, muco-
sal 5-ASA cut-off levels were defined for the risk of re-
currence in CD patients in whom an ileocecal resection
had been performed: 80% recurrence rate at a colonic
mucosal 5-ASA concentration <20 ng/mg, 6% recurrence
rate at a colonic mucosal 5-ASA concentration between
29 and 100 ng/mg and 0% recurrence rate at a colonic
mucosal 5-ASA concentration higher than 100 ng/mg
[48]. To put this into perspective, 28% of Asacol users
showed a mucosal 5-ASA concentration of 70 ng/mg or
higher [45].

Figure 2 shows a subgroup analysis of 4 studies which
scored “+” for domain in our critical appraisal relevance
criteria, that is, studies that compared patients with active
UC to quiescent UC [44-47]. Patients receiving 2-3 g/day
of either Asacol, Pentasa or Sulfasalazine had higher mu-
cosal 5-ASA concentrations during remission in each
study. Vice versa, 5-ASA concentrations were found to
drop during active disease as compared to quiescent dis-
ease in these studies.
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Dose and Formulation

Hussain etal. [49] found a significantincrease in the mu-
cosal 5-ASA concentrations in HS with increasing doses of
Asacol from 1.2 vs. 2.4 g/day (median 1.6 vs. 4.2 ng/mL; not
shown in Table 2 because of different units) but not signifi-
cant for 2.4 vs. 4.8 g/day [13]. However, in our overall anal-
ysis, mucosal 5-ASA concentrations did not clearlyincrease
with an increasing dose of 5-ASA therapy (Table 2).

A limited number of studies identified significant dif-
ferent mucosal 5-ASA values when using different for-
mulations. D’Inca etal. [45] found higher mucosal 5-ASA
concentrations using Asacol compared to Sulfasalazine
and Pentasa and De Vos et al. [50] found lower mucosal
5-ASA concentrations after using azo-bonded prodrugs
instead of time- and pH dependent release mesalazine
compounds. Conversely, 2 other studies found higher
mucosal concentrations of 5-ASA using the azo bonded
pro-drug formula Olsalazine or Sulfasalazine as com-
pared to Pentasa or Salofalk [46, 51]. Altogether, in our
systematic analysis, we could not detect a clear difference
of mucosal 5-ASA concentrations between the various
oral 5-ASA formulations (Table 2).

van de Meeberg/Schultheiss/Oldenburg/
Fidder/Huitema



Table 1. Characteristics of included studies

First author Year Design Subjects Population 5-ASA formulation 5-ASA analysed in
included, n and dose, g/day
Al Mardini [55] 1987 c-s 15 UC with active Asacol 1.6 Faeces dialysate
andquiescent (72 h)
disease
Allgayer [38] 1989 c-s 20 IBD and HS mixed  Sulfasalazine 3.0 Faeces (1 stool)
Bondesen [65] 1986 c-s 34 UC in remission: Sulfasalazine Faeces (24 h)
children versus 2.0, 3.0, 4.0
adults
Bondesen [12] 1991 c-s 6 HS Pentasa 0.3 SD Faeces (48 h)
Brown [43] 2014 c-s, A 4 HS Pentasa 1.0 SD Apriso Faeces (72 h)
1.2 SD Lialda 1.2 SD
Christensen [67] 1987 c-$C-0 7 HS without/with Pentasa 1.5 Faeces and faecal
bisacodylinduced water (24 h)
diarrhea
Christensen [71] 1990 c-$ C-0 12 HS Asacol 2.0, Claversal Feces (48 h)
2.0 Pentasa 2.0
Christensen [57] 1993 c-$ ¢-0 9 HS: children Pentasa 1.0, Faecal water (48 h)
Sulfasalazine 2.0
Christensen [72] 1994 c-SC-0 13 HS Olsalazine 2.0, Faecal water (48 h)
Pentasa 2.0, 4.0, 6.0
De Vos [63] 1992 c-s 61 HS Asacol 1.2 Claversal 1.5 Mucosa (10 places
Olsalazine 1.5 Pentasa from terminal ileum
1.5 Sulfasalazine 3.0 to rectum)
D’Inca [43] 2009 c-s, A 130 UC with active Asacol 2.4 Mucosa (sigmoid)
and quiescent
disease
D’Inca [45] 2013 c-s 130 UC with active Asacol 2.4, Pentasa Mucosa (sigmoid)
and quiescent 3.0, Sulfasalazine 3.0
disease
Fallingborg [73] 1992 c-0 12 HS Pentasa 2.0 Faeces and faecal
randomized water (48 h)
Fioritto [42] 2016 c-s, A 26 HS Pentasa 1.0 SD Apriso Faeces (96 h)
1.2 SD Lialda 1.2 SD
Frieri [48] 1999/1 c¢-s 25 CD after terminal Asacol 2.4 Mucosa (peri-
ileum resection: anastomotic area)
with active and
quiescent
disease
Frieri [60] 1999/I1 RCT 11 UC with active Asacol 2.4 Mucosa (descending
disease colon and rectum)
Frieri [47] 2000/  c-s 21 UC with active Asacol 2.4, 3.2 Mucosa (rectum)
and quiescent
disease
Frieri [64] 2000/II  c-s single 25 CD after terminal Asacol 2.4 Mucosa (peri-
blind ileum resection in anastomotic area)

remission

TDM of Oral 5-ASA
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Table 1. (continued)

First author Year Design Subjects Population 5-ASA formulation 5-ASA analysed in
included, n and dose, g/day
Frieri [33] 2005 longitudinal 18 UC in remission Asacol 2.4, 3.2 Mucosa (rectum)
Hetzel [40] 1988 RCT with 30 UC with active Olsalazine 1.0 Faeces (one stool)
placebo disease
Hussain [34] 1998/1  c¢-s 21 UC in remission Asacol 1.2 Sulfasalazine  Faeces (24 h; HS only),
and HS (dose N/A) mucosa (rectum)
Hussain [74] 1998/11  c-s 34 HS Asacol 1.2 Feces (24 h)
Hussain [13] 2000 c-s C-0 12 HS Asacol 1.2,2.4,4.8 Faeces (24 h),
mucosa (rectum)
Hussain [49] 2001 c-s 24 HS Asacol 1.2,2.4, 4.8 Faeces (24 h),
mucosa (rectum)
Ito [53] 2009 RCT with 6 HS, Japanese Asacol 2.4 SD, 3.6, Faeces (240 h)
placebo 4.8 SD
Lauritsen [32] 1984 c-s 18 HS Olsalazine 0.3, 2.0 Faecal dialysate
Sulfasalazine 2.0 (18-72h)
Lauritsen [37] 1988 longitudinal 31 UC with active Olsalazine 1.0, 2.0, Faecal dialysate
and quiescent 3.0,4.0 (1 transit time)
disease
Naganuma [46] 2001 c-s 24 UC with active Pentasa 2.3 Mucosa (rectum)
and quiescent Sulfasalazine 3.0
disease
Peppercorn [30] 1973 c-s 10 IBD and HS Sulfasalazine 2.0, Faeces (72 h)
3.0, 4.0 (HS: SD only)
Rasmussen [75] 1982 c-s 14 HS Pentasa 1.5 Faeces (24 h)
Rijk [52] 1989 c-s 16 HS without/ Asacol 0.4 SD Faeces (72-96 h)
with bisacodyl Olsalazine 0.6 SD
induced diarrhea Pentasa 0.5 SD
Salofalk 0.5 SD
Sulfasalazine 1.3 SD
Rijk [56] 1992 c-SC-0 20 IBD with active Asacol 1.2 Faeces (48 h)
and quiescent Olsalazine 1.5
disease Pentasa 1.5
Salofalk 1.5
Sulfasalazine 3.0
Riley [35] 1991 c-sc-0 10 IBD in remission Asacol 1.6, 2.4 Faeces (24 h)
Ryde [41] 1988 c-s c-0 12 UC with Olsalazine 0.3, 3.0 Faecal dialysate
unknown disease Sulfasalazine 2.0 (24 h)
activity and HS
Staerk 1990 c-s c-0 14 UC in remission Asacol 2.4 Faecal dialysate
Laursen [51] Olsalazine 1.0, 2.0 (24 h)
Pentasa 2.0
Salofalk 2.0
Van Hogezand 1985 c-SC-0 6 HS Olsalazine 1.0 SD, 1.0 Faeces (120 h)
[54] Sulfasalazine 2.3 SD
Willoughby [31] 1982 c-$ C-0 8 HS Olsalazine 0.5 SD, Faeces (72 h)
1.0, 2.0
250 Digestion 2020;101:245-261 van de Meeberg/Schultheiss/Oldenburg/
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Table 1. (continued)

First author Year Design Subjects Population 5-ASA formulation 5-ASA analysed in
included, n and dose, g/day

Yu [39] 1995 c-SC-0 20 HS Pentasa 1.0 SD Faeces (96 h)

Yu [62] 2017 c-s 30 HS Pentasa 1.0 SD Faeces (96 h)

Apriso 1.2 SD
Lialda 1.2 SD

A, abstract only; c-o, cross-over; c-s, cross-sectional; CD, Crohn disease; HS, healthy subjects; IBD, inflammatory bowel disease (i.e.,
UC and CD patients mixed); RCT, randomized clinical trial; SD, single dose; UC, ulcerative colitis; 5-ASA, 5-aminosalicylic acid.

Table 2. Mucosal 5-ASA concentrations

Daily Proprietary  Healthy subjects UC in remission  CD in UCin CD in UC with
dose, name remission active state active state undefined
g/day activity
1.0-1.5 Asacol 0+(0-3) [12]; 1+(0-33) [33] N/A 40+4 [43]; N/A N/A
1+(0-5) [12]; 43+5 [43]
1+(0-13) [12]; 1+
(0-20) [33]; 109+37
[49]; 299+37 [49]"
Claversal 92+31 [49]; 109+12 [49]F N/A N/A N/A N/A N/A
Pentasa 1442 [49]; 262 [49]T
Olsalazine 4+3 [49]; 1143 [49]F
2.0-3.2  Asacol 4+(1-10) [12]; 3+(1-5) [32]; 29+(20-81) [62]5;  0+(0-10) [56]; 22428 [47]5;  16+(4-45)
9+(0-37) [12]; 2+(10-45) [46];  60+33 [47]; 6+(4-17) [46]; 26426 [47]  [46]; 52+6 [44]
9+(1-29) [12] 17+(11-45) [46]; 71+47 [47]§; 9+(4-17) [46];
60+8 [44]; 93+(50-176) [61]8  16+(2-42) [56]%;
68+9 [44] 366 [44]; 3626 [44]
Pentasa N/A N/A N/A N/A N/A 1+1 [45]; 3846 [44]
Pentasaand N/A 56+18 [45] N/A 1045 [45] N/A N/A
Sulfasalazine
Sulfasalazine  1+0 [49]; 1+0 [49] N/A N/A N/A N/A 1946 [45]; 3316 [44]
4.8 Asacol 6+(3-9) [12]; 9+(0-19) [12]; N/A N/A N/A N/A N/A

9+ (5-19) [12]

 Mean of 10 biopsies taken throughout the entire colon, from terminal ileum until rectum.

* Descending colon.
§ Tleum.

Mucosal 5-ASA concentration in ng/mg is expressed as mean or median, with + SD/SEM or +(range), respectively. All numbers are rounded. Studies are
separated by . Studies with a high validity are bold. All biopsies were taken from rectosigmoid mucosa unless marked.
CD, Crohn’s disease; N/A, not applicable; UC, ulcerative colitis; 5-ASA, 5-aminosalicylic acid.

Faecal Analysis

Disease and Activity

Figure 3 depicts the faecal 5-ASA values as concentra-
tion (Fig. 3a), recovery of ingested dose (Fig. 3b) and total
amount (Fig. 3c) of all multiple dose studies. The single
dose studies (or study parts) analysed only HS and their
results were comparable with multiple dose studies [12,
30, 31, 39, 42, 43, 52-54].

TDM of Oral 5-ASA

Patients with active UC are only represented in Figure
3a: no difference in faecal 5-ASA concentration between
HS and patients with active UC was observed. These re-
sults were comparable if we only included the multiple
dose studies with a high validity. Figure 4 depicts, by linear
regression, that the faecal 5-ASA concentration was not
different between active and quiescent UC. In contrast, in
studies that included patients with IBD, inflammation
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Fig. 2. Mucosal 5-ASA concentrations in ulcerative colitis patients,
divided by disease activity. Disease activity, based on histological,
endoscopic or clinical findings, is divided into active disease (Act.)
or remission (Rem.). Data is expressed as mean + SEM, except for
Frieri et al. [47] where data is expressed as median + range. All
studies have moderate validity concerns. 5-ASA, 5-aminosalicylic
acid.

corresponded with lower faecal 5-ASA recovery (Fig. 3b).
However, this relationship disappeared when only studies
with high validity were included (data not shown).

Four studies compared faecal 5-ASA values in pa-
tients with active and quiescent UC or IBD. None found
significant differences in faecal 5-ASA excretions based
on disease activity [37, 40, 55, 56]. Figure 5 displays the
results from 2 of these studies that provided quantitative
data of faecal 5-ASA [37, 56]. Lower faecal 5-ASA con-
centrations during remission were found if patients were
on low dose 5-ASA but not when UC patients used high-
er doses (Fig. 5a). Figure 5b presents contradictory re-
sults: the faecal 5- ASA recovery decreases during remis-
sion in IBD patients using Asacol, Pentasa and Salofalk
but not in patients using Olsalazine and Sulfasalazine.

Dose and Formulation

Hussain et al. [13] found significantly higher faecal
5-ASA amounts by increasing Asacol from 1.2 to 2.4 g
daily but a higher dose of 4.8 g daily did not significantly
further increase faecal excretion. Lauritsen et al. [37] de-
tected higher faecal 5-ASA concentrations for a higher
dose of Olsalazine in patients with UC. In our systematic
analysis, as shown in Figure 3a, a higher dose of oral
5-ASA correlates with a higher faecal concentration. This
dose-concentration effect was even more evident if only
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high validity studies were included. However, this effect
was less pronounced if faecal 5-ASA is expressed as recov-
ery of ingested dose or total amount (Fig. 3b, ¢).

Conlflicting data was reported on faecal 5-ASA values
in subjects using different formulations [32, 51, 56-58].
We could not find a clear effect of formulation on faecal
5-ASA excretion (Fig. 3).

Discussion

In this review, we found a clear inverse relationship
between UC disease activity and mucosal 5-ASA concen-
trations but not with faecal 5-ASA concentrations after
oral intake of 5-ASA formulations.

Our finding that an increase in mucosal concentration
is associated with quiescent disease is in line with studies
that compare oral versus oral plus topical (combination)
5-ASA therapy. Placebo controlled trials showed that
combination therapy is more effective than oral therapy
alone [59], and pharmacokinetic studies established high-
er mucosal concentrations during combination therapy
than during oral therapy alone [33, 45, 46, 60, 61]. Frieri
etal. [33] analysed both mucosal concentrations and ther-
apeutic efficacy in UC patients using oral therapy versus
combination therapy. They conclude that combination
therapy leads to higher mucosal concentrations plus less
flares, less steroid use, less endoscopies needed and less
hospitalisation. These findings strengthen our conclusion
that higher mucosal concentrations are associated with
less disease activity and thus higher therapeutic efficacy.

We have focused this review on the measurement of
5-ASA concentrations. N-Acetyl-5-ASA has also been
measured in several studies, but this is an inactive metab-
olite. This metabolite has been used to evaluate the release
characteristics of the 5- ASA formulation, asitisan indica-
tor of timely (proximal) release of 5-ASA in to the gut lu-
men, but N-Acetyl 5-ASA is not considered arelevant bio-
marker for evaluating therapeutic efficacy [52, 56, 62].

Heterogeneity

The aforementioned inverse relationship between UC
disease activity and mucosal 5-ASA concentrations was
conclusive only when studies with a clinical relevant do-
main were analysed, that is, UC patients with active disease
compared to patients in remission in individual studies
(Fig. 2). Several factors contributing to the heterogeneity
of included studies may explain the absence of a relation-
ship between disease activity and the mucosal 5-ASA con-
centration when all studies were included in the analysis
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Fig. 3. Values of faecal 5-ASA analysis in multiple dose studies.
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recovery of dose (%), (c) total amount (mg/24 h). Each point in
the figure represents one (part of the) study. Shape: O Olsalazine
O Sulfasalazine A Asacol V Pentasa <& Claversal O Salofalk. Co-

(Table 2). First and foremost, mucosal 5-ASA concentra-
tions have a high intrasubject variability (intrasubject coet-
ficient of variation: 54%, range 0-173%) [34]. Second, the
mucosal 5-ASA concentration is significantly lower after
mucosal washing before biopsy, but whether mucosal
washing was performed was not always specified in the in-
cluded studies [34]. Third, the site of biopsy may affect the
outcome. Although De Vos et al. [63] found no ileum-co-
lon concentration gradient in the steady-state intramuco-
sal concentration for several oral 5-ASA formulations in
HS, Frieri et al. [60] showed higher mucosal 5-ASA con-
centrations at the proximal site of the intestine compared
to the distal site in CD patients using Asacol. Hence, we
depicted the location of biopsy taking in Table 2. Fourth,
although all mucosal 5-ASA concentrations were deter-
mined with high-pressure liquid chromatography, differ-
ences in preparation and measurements may have hin-
dered comparison of study outcomes. For example, in

TDM of Oral 5-ASA

lour: red = patients with active ulcerative colitis, yellow = patients
with ulcerative colitis in remission (or disease activity not speci-
fied), violet = patients with active IBD, green = patients with IBD
in remission, blue = HS. Filling: O mean + SEM, I median +
range. 5-ASA, 5-aminosalicylic acid.

some studies 5-ASA concentrations were measured direct-
ly after biopsy while others stored the biopsies for different
durations at -80 °C. Another essential point relates to the
different included phenotypes of IBD. For instance, Frieri
etal. [48] included CD patients with terminal ileum resec-
tion and ileocolonic anastomosis, as opposed to all other
studies in Table 2 [64]. Since in daily clinical practice oral
5-ASA is prescribed to CD patients as well, we did not ex-
clude CD patients. To minimize bias, we analysed data sep-
arately for each type of IBD. Finally, the last factor contrib-
uting to heterogeneity is that disease activity of UC or CD
patients listed in Table 2 was either based on clinical, en-
doscopic or histological findings. In addition, studies used
different criteria for clinical, endoscopic or histological re-
mission.

In line with studies focussing on mucosal 5-ASA con-
centrations, studies exploring the faecal 5-ASA concen-
trations show considerable heterogeneity as well, thereby
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Fig. 5. Faecal 5-ASA excretion divided by disease activity. a Faecal
5-ASA concentration in patients with ulcerative colitis. Data is ex-
pressed as mean and derived from Lauritsen et al. [37] (study with
high validity). b Faecal 5-ASA as recovery of ingested dose in pa-

precluding to draw definite conclusions on the associa-
tion of faecal 5-ASA concentrations and disease activity.
First, the use of different criteria to score disease activity
might have affected the overall results. Second, there
were remarkable differences between included subjects.
Four studies did not distinguish CD and UC patients but
analysed patients as one group (“IBD”) [30, 35, 38, 56].
Also, in one study, children were included as well [65].
The recovery of ingested dose was significantly lower in
children compared to adults, which may have influenced
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tients with IBD. Data is expressed as mean + SEM and derived
from Rijk et al. [56] (study with moderate validity). 5-ASA, 5-ami-
nosalicylic acid.

the overall results of our analysis. Another example is the
duration of oral 5-ASA ingestion, which varied between
patients or subjects from one single dose (excluded from
Fig. 3), to several days or weeks. Third, some studies de-
termined the faecal concentration in a dialysate bag in-
stead of the faeces itself 32, 37, 41, 51, 55]. Faeces consist
of free faecal water plus solid fibrous or bacterial compo-
nents [32]. Higher concentration of 5-ASA in faeces than
in a free faecal water concentration from a dialysate bag
can be detected due to the solid fibrous and bacterial
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components that may bind salicylates [40]. Fourth, when
interpreting the results of total amount of faecal 5-ASA,
it should be taken into account that the collection time of
faeces varied per study from 24 to 240 h (Table 1). To
adjust for this variability, the total amount of faecal
5-ASA is expressed per 24 h (Fig. 3¢). Finally, differences
in sample pre-treatment, required to prevent degrada-
tion of 5-ASA by oxidation and further acetylation by
bacterial flora, might have affected the outcomes and
hampered thereby a comparison between studies. The
stability of faecal compounds is uncertain [66]. Most
studies used methanol as storage medium, whereas other
studies used methanol plus a phosphate buffer [13, 31, 34,
35, 39, 49, 55, 57, 67] or HgCl, [31, 36]. Of note, food in-
take of subjects has been shown to not influence faecal
5-ASA concentration [53].

Clinical Implications

Mucosal 5-ASA concentrations may be affected by
several patient characteristics during colonic inflamma-
tion, such as intestinal transit time. Two studies com-
pared the faecal 5-ASA concentration in HS between
normal transit time and accelerated transit time, em-
ploying bisacodyl-induced diarrhoea. Both studies re-
ported an increased faecal recovery of the ingested
5-ASA dose during accelerated transit time compared to
normal transit time (median 29%, range 16-38% vs.
16%, 9-21%) [52, 67]. In theory, a higher faecal concen-
tration during diarrhoea corresponds to a lower muco-
sal concentration and thus decreased efficacy, although
this relationship has not been clearly established: only 3
studies analysed both faecal and mucosal 5-ASA con-
centrations, but none of them compared these concen-
trations in patients with and without diarrhoea/inflam-
mation [13, 34, 38, 49].

In addition to intestinal transit time, intraluminal pH
is often decreased duringactive inflammation, which may
influence the release of 5-ASA from its formulation and
thereby influence the mucosal 5-ASA concentration [13,
68]. Further, relevant enzymes and transporters respon-
sible for colonic 5-ASA metabolism and apical secretion
back into the colonic lumen may alter during inflamma-
tion [14]. On top of that, low mucosal 5-ASA concentra-
tions during active disease might result from a dilution
effect secondary to cell oedema. Alternatively, low muco-
sal 5-ASA concentrations during inflammation may re-
flect the influence of active lesions, such as ulcers, with
increased permeability due to alterations in tight junc-
tions and local leaks, plus a secondary loss of mucosal ab-
sorption ability [46, 69]. Another hypothesis is a faster

TDM of Oral 5-ASA

rate of tissue renewal in the presence of inflammation,
establishing a washout effect [45]. In this case, a higher
mucosal concentration during remission reflects the de-
creased epithelial cell turnover compared to the healing
phase [70].

If colonic inflammation directly leads to a lower mu-
cosal 5-ASA concentration, this can be considered bio-
markers for disease activity rather than a tool for TDM.
Preferably, a large longitudinal prospective cohort study
should be performed to establish a potential causal rela-
tionship and the sequence in which events take place (ac-
tive inflammation resulting in a decrease in mucosal
5-ASA concentration or vice versa).

Limitations

The fact that a part of the included studies was phar-
macokinetic studies presenting 5-ASA levels, hence not
(primarily) designed to relate 5-ASA levels with disease
activity and/or therapeutic efficacy, hampers the inter-
pretation of our results.

Furthermore, although we found a relationship between
mucosal concentration and disease activity, this does not
necessarily imply that measuring 5-ASA levels will lead to
optimisation of 5-ASA dosing and thus improve clinical ef-
ficacy in UC patients. Our study could be a starting point
for further research investigating TDM of 5-ASA, asitis the
first systematic review exploring this topic.

Conclusion

Theoretically, TDM of oral 5-ASA may enable indi-
vidual dose finding where non-responders with sub-ther-
apeutic concentrations could benefit from dose intensifi-
cation rather than step up therapy. Optimization of oral
5-ASA therapy would be preferable because it is a rela-
tively safe drug and non-expensive compared to biologi-
cals. However as a first step, a clear concentration-effect
relationship has to be established before personalized
therapy could be an opportunity. In this systematic re-
view, we found that the mucosal 5-ASA concentration
may offer a tool for tailoring therapy in UC patients: an
increase in the mucosal concentration is associated with
remission. It may be speculated thatlower mucosal 5-ASA
concentrations during maintenance therapy may predis-
pose patients to relapse. Due to the large heterogeneity of
studies, a universal threshold concentration could not be
identified. Unfortunately assessment of mucosal concen-
trations is invasive and not always feasible. The assess-
ment of faecal 5-ASA excretion would be an attractive
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alternative if an excretion-effect relationship could be es-
tablished clearly. Although there is a relationship between
the given oral 5-ASA dose and the faecal concentration,
no faecal 5-ASA concentration - therapeutic effect rela-
tionship has been established yet. Ideally, both the faecal
and mucosal concentration-effect relationship of oral
5-ASA in UC patients with active and quiescent disease
activity should be established in a single study.
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Appendix 1

Search Terms

PubMed

(“Mesalamine”[Mesh] OR  5-ASA[Title/Abstract] OR
5-aminosalicylate[Title/Abstract] OR 5 aminosalicylate[Title/
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Abstract] OR 5-ASA[Title/Abstract] OR 5 ASA[Title/Ab-
stract] OR delzicol[Title/Abstract] OR mesalazine[Title/ Ab-
stract] OR mesalamine[Title/Abstract] OR pentasa[Title/Ab-
stract] OR salofalk[Title/ Abstract] OR asacol[Title/Abstract] OR
claversal[Title/Abstract] OR mezavant[Title/Abstract] OR
apriso[Title/Abstract] OR lialda[Title/ Abstract] OR mesasal[Title/
Abstract] OR ipocol[Title/Abstract] OR mesren[Title/Abstract]
OR colazal[Title/Abstract] OR colazide[Title/Abstract] OR
sulfasalazine[Title/ Abstract] OR sulphasalazine[Title/
Abstract] OR olsalazine[Title/Abstract] OR balsalazide[Title/
Abstract] OR  salicylazosulfapyridine[Title/ Abstract] ~ OR
salicylazosulphapyridine[Title/ Abstract] OR dipentum|Title/Ab-
stract] OR salazopyrin[Title/Abstract]) AND (“Biological
Availability”’[Mesh] OR bioavailability[ Title/Abstract] OR rectal
concentration[Title/Abstract] OR colonic concentration[Title/
Abstract] OR tissue concentration[Title/Abstract] OR mucosal
concentration[Title/Abstract] OR rectal concentrations|Title/ Ab-
stract] OR colonic concentrations|Title/Abstract] OR tissue con-
centrations [Title/Abstract] OR mucosal concentrations|Title/
Abstract] OR intraluminal concentration[Title/Abstract] OR fae-
cal excretion[Title/Abstract] OR faecal excretions[Title/Ab-
stract] OR  fecal excretion[Title/Abstract] OR  fecal
excretions[Title/ Abstract] OR faecal concentration[Title/Ab-
stract] OR fecal concentration[Title/Abstract] OR faecal
concentrations[Title/Abstract] OR fecal concentrations|Title/
Abstract] OR  faecal recovery[Title/Abstract] OR fecal
recovery[Title/Abstract] OR faecal water concentration[Title/Ab-
stract] OR fecal water concentration[Title/Abstract] OR faecal
water  concentrations|[Title/Abstract] OR  fecal  water
concentrations[Title/Abstract] OR gastrointestinal release[Title/
Abstract] OR gastrointestinal fluid concentration[Title/Abstract]
OR gastrointestinal fluid concentrations[Title/ Abstract])

EMBASE

(“mesalazine”/exp OR “5-ASA”:ab,ti OR
“5-aminosalicylate”:ab,ti OR “5 aminosalicylate”:ab,ti OR
“5-ASA”:ab,ti OR  “5-ASA™ab,ti OR  “delzicol™ab,ti OR
“mesalazine”:ab,ti OR “mesalamine”:ab,ti OR “pentasa”:ab,ti OR
“salofalk”ab,ti OR “asacol™ab,ti OR “claversal”:ab,ti OR
“mezavant”:ab,ti OR “apriso”ab,ti OR “lialda”™ab,ti OR
“mesasal”:ab,ti  OR  “ipocol™ab,ti OR “mesren”:ab,ti OR
“colazal”:ab,ti OR “colazide™:ab,ti OR “sulfasalazine”:ab,ti OR
“sulphasalazine”:ab,ti OR “olsalazine”:ab,ti OR “balsalazide™:ab,ti
OR “salicylazosulfapyridine”:ab,ti OR “salicylazosulphapyridine”:
ab,ti OR “dipentum™ab,ti OR “salazopyrin”:ab,ti) AND (“bio-
availability”/exp ~ OR  “bioavailability™:ab,ti OR  “rectal
concentration”:ab,ti OR “colonic concentration”:ab,ti OR “tissue
concentration”:ab,ti OR “mucosal concentration”:ab,ti OR “rectal
concentrations”:ab,ti OR “colonic concentrations”:ab,ti OR “tis-
sue concentrations”:ab,ti OR “mucosal concentrations”:ab,ti OR
“faecal excretion”:ab,ti OR “faecal excretions™:ab,ti OR “fecal
excretion”:ab,ti OR  “fecal excretions™ab,ti OR “faecal
concentration”:ab,ti OR “fecal concentration”:ab,ti OR “faecal
concentrations”:ab,ti OR “fecal concentrations”:ab,ti OR “faecal
recovery :ab,ti OR “fecal recovery™ab,ti OR “faecal water
concentration”:ab,ti OR “fecal water concentration”:ab,ti OR “fae-
calwaterconcentrations”:ab,tiOR “fecalwaterconcentrations”:ab,ti
OR “gastrointestinal release”ab,ti OR “gastrointestinal fluid
concentration”:ab,ti OR “gastrointestinal fluid
concentrations”:ab,ti).
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Appendix 2

Critical Appraisal
Study Relevance Validity
domain determinant  outcome relevance confounding selection missing 5-ASA  disease uniformity compliance quality validity
total bias data analysis  activity of statistic  total
Mucosal analysis
de Vos et al. - + + + + N/A + + N/A + + - +
[63], 1992
D’Inca et al. + + + + - + ? ? + + - + +
[44], 2009(A)
D’Inca et al. + + + + - + - + + + - + +
[45],2013
Frieri et al. +/- + + + + + + + + + - + +
[48],1999 1
Frieri et al. +/- + + + - - + + + + + + +
[60], 1999 II
Frieri et al. + + + + - - + + + - - + +
[47], 2000 I
Frieri et al. +/- + + + - - + + + - + + +
[64], 2000 II
Frieri et al. +/- + + + + + + + + - + + +
[33], 2005
Naganuma et + + + + + - + + + + - + +
al. [46], 2001
Mucosal and faecal analysis
Hussain et al. +/- + + + + - + + - + - + +
[34],1998 1
Hussain et al. - + + + + N/A + + N/A + - + +
[13], 2000
Hussain et al. - + + + + N/A + + N/A + - + +
[49], 2001
Faecal analysis
Allgayer et al. - + + + + N/A + + + - - + +
[38], 1989
Al Mardini + + + + - - - + - + - + -
etal. [55], 1987
Bondesen et al. - - +/- - + N/A + - N/A + N/A + +
[65], 1986
Bondesen et al. +/- + + + - - +/- + - + + + +
[12], 1991
Brown et al. - +/- - - + N/A ? ? N/A + N/A - +
[43],2014 (A)
Christensen et - + + + + N/A + + N/A + - - +
al. [68], 1987
Christensen - + + + + N/A + + N/A + + - +
etal. [71], 1990
Christensen - + + + + N/A + + N/A + + + +
etal. [57], 1993
Christensen - + + + + N/A +/- + N/A + + + +
etal. [72], 1994
Fallingborg - + + + + N/A + + N/A + - + +
etal. [73], 1992
Fioritto et al. - +/- - - + N/A ? ? N/A + N/A + +
[42], 2016 (A)
Hetzel et al. +/- + + + - - +/- + + - - + +
[40], 1988
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Study Relevance Validity
domain determinant  outcome relevance confounding selection missing 5-ASA  disease uniformity compliance quality validity
total bias data analysis  activity of statistic  total

Hussain et al. - + - - + N/A + + N/A + - + +
[74], 1998 1T
Tto et al. [53], - + +/- + + N/A - + N/A + - + +
2009
Lauritsen et al. +/- + + + + - + + +/- - - + +
[32], 1984
Lauritsen et al. + + + + + + + + + - + + +
[37], 1988
Peppercorn +/- + +/- + - - + - - - - + -
and Goldman
[30], 1973
Rasmussen et - +/- +/- - + N/A + + N/A + - + +
al. [75], 1982
Rijk et al. [52], - - +/- - + N/A + + N/A - - + +
1989
Rijk et al. [56], +/- + +/- + - - + + + + - + +
1992
Riley et al. [35], +/- + - + + - + + - - - + +
1991
Ryde et al. [41], +/- + + + + - - - - - - + -
1998
Staerk Laursen +/- + +/- + + - + + + + + + +
etal. [51], 1990
van Hogezand - + +/- + + N/A + + N/A + - + +
etal. [54], 1985
Willoughby et - + +/- + + N/A + + N/A + - + +
al. [31], 1982
Yu et al. [39], - - - - + N/A +- + NA - N/A - +
1995
Yu et al. [62], - +/- +/- - + N/A +/- + N/A + N/A + +
2017

Relevance and validity concerns: + = low relevance/validity concerns, + = moderate relevance/validity concerns, - = high relevance/validity concerns. For details see below.

(A), abstract only; CD, Crohn disease; IBD, inflammatory bowel disease (i.e., UC and CD patients mixed); N/A, not applicable; UC, ulcerative colitis.

Relevance: Legend for Critical Appraisal

Domain

+ Active vs. non-active UC
+/- IBD patients or CD patients alone or disease activity UC
not specified and compared
- Healthy subjects

Determinant
+ Clinical relevant dose = >1 g/day for at least 7 days
+/- 21 g/day for <7 days (include once given)

- <1 g/day

Outcome

+ Concentration
+/- Recovery of ingested dose
- Total amount
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Total Score Relevance

Per item:

+ =1 point
+/-= 0.5 point
- =0 points
Total:

+ 3 points

+ 1.5-2.5 points
- 0-1 points

Validity

These items are not only an appraisal of validity of the studies
but also of quality of reporting.

Risk of Confounding
+ (low risk): no causal study, cross-over design, or demograph-
ics presented and comparable
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— (high risk): causal study with no demographics presented or

not comparable between the groups, no cross-over design

Risk of Selection Bias

+ (low risk) patients and selection process well described

— (high risk) patients and selection process not well described
N/A healthy subjects

- Not uniform (e.g., first stool in the morning instead of

24 h collecting; or different dose oral 5-ASA in study partici-
pants)

Measurement of Compliance
+ Compliance measured and described
- Compliance not measured and described

N/A studies with patients using only one day an oral 5-ASA

Missing Data formulation

+ No missing data

+/- Missing data, explained by authors
- Unexplained missing data

2(A)

Quality of Statistics of Most Important Outcome

+ Variability of data well presented: summary data of
all individuals in average plus range and/or if applicable
statistic test mentioned with p-value and/or 95% confidence in-

Standardized Measurement Procedures (N-Ac-)5-ASA terval

Ar‘lsbﬁlz ibed - Only individual data, only average (mean, median) given
! Noet Weeuscdrelsceribed without range (SD, SEM, range, IQR) and/or if applicable
? (A) statistic test not mentioned or p value and/or 95% CI not men-
' tioned
Standardized Measurement Score Disease Activity o
+ Criteria remission/no remission described and applicable Tota}l Score Validity
criteria disease activity well described (e.g., Mayo, Truelove and Per item: .
Witts) +and N/A = 1 point
+/- Criteria remission/no remission well described but no dis- +-= 9'5 point
ease activity described -and ? =0 points
- Not well described Total:
N/A healthy subjects +7-8 points
* 4-6points
Uniformity Study Protocol Execution - 0-3 points

+ Uniform
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