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Abstract

Background—5-aminosalicylic acid (5-ASA) is a classic anti-inflammatory drug for the
treatment of ulcerative colitis. N-Acetyltransferase (NAT) enzymes convert 5-ASA to its
metabolite N-acetyl-5-aminosalicylic acid (Ac-5-ASA) and it is unresolved whether 5-ASA or
Ac-5-ASA is the effective therapeutic molecule. We previously demonstrated that colonic
production of Ac-5-ASA (NAT activity) is decreased in Dextran Sulfate Sodium (DSS)-induced
colitis. Our hypothesis is that 5-ASA is the therapeutic molecule to improve colitis, with the
corollary that altered NAT activity affects drug efficacy. Since varying clinical effectiveness of 5-
ASA has been reported, we also ask if NAT activity varies with inflammation in pediatric or adult
patients.

Method—Acute colonic inflammation was induced in C57BL/6 NAT wild-type (WT) or
knockout (KO) mice, using 3.5 % DSS (w/v) concurrent with 5-ASA treatment. Adult and
pediatric rectosigmoid biopsies were collected from control or ulcerative colitis patients. Tissue
was analyzed for NAT and myeloperoxidase activity.

Results—DSS induced colitis was of similar severity in both NAT WT and KO mice, and NAT
activity was significantly decreased in NAT WT mice. In the setting of colitis, 5-ASA significantly
restored colon length and decreased myeloperoxidase activity in NAT KO, but not WT mice.
Myeloperoxidase activity negatively correlated with NAT activity in pediatric patients, but
correlation was not observed in adult patients.
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Conclusions—Inflammation decreases NAT activity in colon of mice and human pediatric
patients. Decreased NAT activity enhances the therapeutic effect of 5-ASA in mice. A NAT
activity assay could be useful to help predict the efficacy of 5-ASA therapy.
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Introduction

5-aminosalicylic acid (5-ASA) is a classic anti-inflammatory drug for the treatment of
ulcerative colitis and Crohn's disease. 5-ASA is metabolized by N-acetyltransferase (NAT)
enzymes that catalyze the transfer of an acetyl moiety from acetyl-coenzyme A (AcCoA) to
the nitrogen (N-acetylation) of the 5-ASA to form the metabolite N-acetyl-5-ASA (Ac-5-
ASA)(1). Although the molecular mechanisms underlying the beneficial effects of 5-ASA
are still the topic of active study (2-7), it is known that 5-ASA therapy reduces inflammation
of the colonic mucosa and drug efficacy is correlated to mucosal concentration rather than
systemic levels (8).

Three NAT isoforms have been identified in mouse and human. Human NAT1 (hNAT1) is
the ortholog of mouse NAT2 (mMNAT2), and human NAT2 (hNAT?2) is the ortholog of mouse
NAT1 (mNAT1). Human hNAT3 is a pseudogene (NMA7P) (9) and murine mNAT3 is
relatively inactive (10). We recently established a method to measure NAT enzyme activity
and demonstrated that mouse mMNAT2 mediates 5-ASA metabolism in homogenates of
mouse colonic tissue (1). Additionally, we demonstrated that mMNAT2 enzyme function and
expression decreased in the inflamed mouse colonic mucosa (1). It remains unknown
whether 5-ASA or the mMNAT2 metabolite Ac-5-ASA, is the effective molecule for therapy.

5-ASA accounts for 81 % of all ulcerative colitis prescriptions (11) and is the preferred
therapy to help both adult and pediatric IBD patients with mild to moderate inflammation
stay in remission (12). However, treatments for pediatric patients currently rely on clinical
studies derived exclusively from adult patients, and although the drug is well-tolerated the
response to 5-ASA is variable in both populations. For example, pediatric patients in
remission have a pattern of frequent relapse, and only 40 % of ulcerative colitis pediatric
patients followed in a multi-center registry achieved a steroid-free remission with 5-ASA
alone 52 weeks after diagnosis(13). Alternatively, under 5-ASA monotherapy 48 % of adult
ulcerative colitis patients are in steroid-free remission (14, 15) and about 50% of adult
patients with ulcerative colitis will relapse in any year (16, 17). The results hint that the
efficiency of 5-ASA may differ between pediatric and adult patients. In this study, we test if
NAT enzyme activity is comparable between these human populations, and if NAT activity
in the two populations displays similar regulation by inflammatory status.

In this present study, we seek to test if variability in NAT activity has the potential to be an
underlying confounder in the unpredictable therapeutic response to 5-ASA. We test the
effect of 5-ASA on inflammation induced by Dextran Sulfate Sodium (DSS) in Nat1/2 KO
mice to determine whether 5-ASA or its metabolite Ac-5-ASA have the predominant
therapeutic effect on inflammation. Additionally, we test the hypothesis in both adult and
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pediatric tissues that NAT enzyme activity is decreased in the inflamed human colonic
mucosa, similar to prior observations in mice.

Materials and Methods

Animals

Experiments used C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME USA) and Nat1/
Nat2 double-knockout mice (NVat1/2 KO) on a C57BL/6 background (a generous gift from
Denis M. Grant, University of Toronto, Canada) (18). All mice were housed in the
Laboratory Animal Medical Services facilities at the University of Cincinnati.

Histopathological Analysis

Swiss rolls of mouse distal colon were fresh frozen in Tissue-Tek Optimal Cutting
Temperature Compound (Sakura Finetek USA, Torrance, CA)). Tissues sections (10 pm)
were stained with Hematoxylin and Eosin Y (Sigma, St. Louis, MO). Slides viewed at 4x by
an Olympus BX60 microscope (Olympus, Center Valley, PA), images captured by QColors 5
Olympus camera using QCapture Pro version 5.1.1.14 Software (QImaging, Surrey, BC
Canada).

DSS-induced colitis model

Colitis was induced in NatZ/2WT or Nat1/2 KO mice, with 3.5 % (w/v) Dextran Sulfate
Sodium (DSS) (M.W. 40,000, TdB Consultancy, Uppsala, Sweden) by feeding in drinking
water for 5 days followed by a two day recovery period of regular water. Control mice
received water without DSS. Mice were weighed and health monitored every 24 + 1 hr for 7
days. 5-ASA (Acros Organics, Geel, Belgium) at a dose of 75 mg/kg (19) dissolved in 0.5 %
carboxymethylcellulose sodium (Sigma, St. Louis, MO) was gavaged once per day for 7
days. Mouse colon was collected on day 7 and the length was measured. One third of the
distal colon was cut longitudinally, frozen in liquid nitrogen, and stored at —80 °C for the
myeloperoxidase (MPO) assay. The remaining distal colon was muscle stripped and either
directly frozen in liquid nitrogen as tissue aliquots, or processed for the NAT assay, and then
frozen in liquid nitrogen and stored at —80 °C until analyzed.

Human Biopsy Collection

Rectosigmoid biopsies were collected from de-identified pediatric patients, age 6 to 19
(Tablel), undergoing colonoscopy for possible inflammatory bowel disease at Cincinnati
Children's Hospital Medical Center. Biopsies were obtained from pediatric patients with
parental informed consent and patient assent if age 11 or older. Rectosigmoid biopsies were
also collected from de-identified adult patients, age 33 to 74 (Table 1), undergoing
colonoscopy at the University of Cincinnati Medical Center. Adult patients gave informed
consent to obtain extra biopsies for research. Cigarette smoking was an exclusion criterion.
Biopsies were immediately frozen in liquid nitrogen and stored at —80 °C until assayed and
were handled under BSL2 conditions approved by the University of Cincinnati's Institutional
Biosafety Committee. Biopsies were thawed once and assayed for NAT and MPO activity
within 30 days of collection.
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N-Acetyltransferase Activity Determinations

Measurement of acetyl-CoA-dependent N-acetylation of 5-ASA was performed as described
(1). Briefly, muscle stripped mouse distal colonic mucosa or human rectosigmoid mucosal
biopsies were homogenized 30 seconds (Tissue Tearor, Biospec, Bartlesville, OK) in 100 to
200 pL of Sorensen's Buffer (100 uM sodium phosphate, 1 mM DL-dithiothreitol, 1 mM
EDTA, pH 7.0). The homogenate was centrifuged at 1500 xg for 3 minutes and supernatant
removed and kept on ice until the NAT assay. As described, a fluorometric rate assay was
used to directly measure acetylation of 5-ASA by NAT enzyme, compared to a calibration
curve of pure Ac-5-ASA (1). Rates were normalized to mg protein and NAT activity
presented as nmole Ac-5-ASA/min/mg colon homogenate protein. Protein concentration
was determined by the Pierce bicinchoninic acid (BCA) Protein Assay Kit (Thermo
Scientific, Waltham, MA).

Myeloperoxidase activity determinations

Biopsy and mouse tissue were prepared by the method of Graff et al (20). In brief, tissue
was homogenized 30 seconds in ice-cold 50 mM potassium phosphate buffer, pH 7.4 with
10 mM N-Ethylmaleimide (Alfa Aesar, Ward Hill, MA) and centrifuged at 12,000 xg for 30
min at 4 °C. The pellet was re-suspended in buffer and homogenized again, then the pellet
was solubilized into the traditional 50 mM potassium phosphate, pH 6.0, buffer (Sigma, St.
Louis, MO and J.T. Baker, Phillipsburg, NJ) with 0.5 % Hexadecyltrimethylammonium
bromide (Sigma, St. Louis, MO) and sonicated (W-220F Heat Systems — Ultrasonics, Inc.,
Plainview, NY) 15 seconds on ice followed by three freeze thaw cycles (liquid nitrogen and
37 °C water bath), followed by centrifugation at 12,000 xg for 30 min at 4 °C. The
supernatant was stored on ice until the MPO assay.

MPO activity was assayed colorimetrically at ambient temperature, according to Bradley et
al. (21) with slight modifications, at 450 nm absorbance in 50 mM potassium phosphate
buffer, pH 6.0, containing 0.165 mg/mL o-dianisidine dihydrochloride (Sigma, St. Louis,
MO) and 0.0005 % H,0,, (Fisher Scientific, Pittsburg, PA). Activity rates were obtained
from the initial linear absorbance change over time. MPO specific activity was calculated
using the molar extinction coefficient of 1.13 x 10  M~1.cm™1 of oxidized adianisidine (22).
Rates were normalized to protein amount and MPO specific activity was expressed as pmol
H,0,/min/mg protein. Protein concentration was determined by the BCA P rotein Assay
Kit.

Statistical analysis of data

Descriptive analyses were performed and continuous data were presented as mean £ SEM or
mean + std. Continuous variables were compared with two sample t-test or one-way
ANOVA between groups. Pairwise comparison was conducted with Bonferroni's adjustment
or Dunnett's. Equal variabilities were checked by Levene's Test. Linear mixed models with
random effect were used to assess the correlation between NAT activity and the predictors
when considering the correlation within each mouse or human. All analyses were performed
with either GraphPad Prism 5 or SAS version 9.3. A P-value of <0.05 was considered
statistically significant.
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Ethical Considerations

Adult biopsies were obtained from patients who provided informed consent at the University
of Cincinnati Medical Center and procedures were approved by the University of Cincinnati
Institutional Review Board. Pediatric biopsies were collected with parental consent and
patient assent if age 11 or older. Patients were enrolled through protocols approved by the
Institutional Review Board at Cincinnati Children's Hospital Medical Center. All animal
experimental protocols were approved by the Institutional Animal Care and Use Committee
of the University of Cincinnati and were performed following the recommendations in by
the National Institutes of Health's Guide for the Care and Use of Laboratory Animals.

RESULTS

NAT enzyme mediates 5-ASA metabolism in the colonic mucosa

We recently reported that mNAT?2 is the main isoform involved in metabolic conversion of 5-
ASA by the colon (1). To completely eliminate NAT activity, we used Nat1/2 KO mice, and
Sugamori et al (18) confirmed the absence of MNAT1 and mNAT2 gene expression from
several tissues including colon via reverse transcription PCR. The Nat1/2 KO mice have a
normal phenotype (18) and show no histologic indicators of colonic inflammation (Fig. 1A).
To confirm that Nat2/2ZWT or KO mice do not have inherent inflammation, we measured
MPO activity to report on neutrophil and macrophage accumulation in distal colonic
mucosal homogenates (23). This biochemical assay reported no detectable inflammation in
distal colon of Nat1/2 KO mice, with a MPO activity range from 0 to 5.98 pmol
H,0,/min/mg protein for the WT and 0.069 to 1.42 umol H,O,/min/mg protein for the KO
mice (n = 4, respectively).

When NAT enzyme activity was measured in colonic homogenates, we confirmed previous
findings of a linear accumulation of Ac-5-ASA over time in WT mice (1), as detected by
direct fluorescence detection of the conversion of 5-ASA to Ac-5-ASA (Fig. 1B). As
expected, no production of Ac-5-ASA was observed in the Mat1/2 KO mice, confirming the
absence of NAT activity (Fig. 1B). Results confirm that 5-ASA does not convert to Ac-5-
ASA in the colonic mucosa of NMA71/2 KO mice.

Effect of inflammation on NAT activity in DSS colitis

DSS creates acute murine colonic inflammation that mimics some features of human
ulcerative colitis. In both WT and Nat1/2 KO mice, DSS treatment (for 5 days followed by a
two day recovery period without DSS) caused a significant decrease in whole colon length
and animal weight, accompanied by an increase of MPO activity in the colonic mucosa (Fig.
2A-C). Once a day treatment of 5-ASA (75 mg/kg) did not affect any of these measures of
DSS-induced colitis in WT mice (Fig. 2A-C). However in the Nat1/2 KO mice 5-ASA
significantly recovered colon length and inhibited the increase of MPO activity, with no
significant effect on weight loss. Results show that 5-ASA is more therapeutically effective
against DSS colitis in the absence of metabolic conversion to Ac-5-ASA.

Colonic NAT activity in WT animals (4.43 + 0.50 nmol Ac-5-ASA/min/mg protein) was
reduced 59% by DSS-colitis (1.82 £ 0.45 nmol Ac-5-ASA/min/mg protein) (Fig. 2D), which
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is consistent with previous findings (1). We therefore tested if administration of 5-ASA
affects NAT activity in the distal colon, in the setting of DSS colitis. We found no significant
difference in NAT activity between gavage with 5-ASA versus vehicle in WT mice treated
with DSS (Fig. 2D). In order to determine if 5-ASA influenced NAT activity in the absence
of inflammation, WT mice were gavaged with 5-ASA or vehicle (no DSS) for 7 days. No
significant difference in NAT activity was observed between 5-ASA (n = 8) or vehicle
gavaged mice (n = 7). These data suggest that 5-ASA does not directly affect NAT enzyme
expression activity over a 1 week time course, either in the presence or absence of
inflammation.

Figure 2E shows the correlation between NAT activity and MPO activity in WT mice,
aggregating all information from control and DSS colitis conditions in the absence or
presence of 5-ASA. Using linear regression a significant decrease in NAT activity is
observed with increasing MPO activity (Fig. 2E). These data suggest that in WT mice
colonic mucosal inflammation lowers NAT activity and is not recovered by 5-ASA
treatment.

5-ASA metabolism in adult and pediatric rectosigmoid biopsies

In order to test the hypothesis that NAT activity is varied among patients and is decreased in
the inflamed human colonic mucosa, we obtain de-identified biopsies. This pilot study
examined biopsies from 10 pediatric (8 controls and 2 ulcerative colitis, age 6 to 19) and 8
adult (6 controls and 2 ulcerative colitis, age 25 to 74) patients. The pediatric control group
were patients receiving a diagnostic colonoscopy in response to a health concern. The adult
control group were patients receiving a colonoscopy either for a diagnostic purpose or for a
routine colorectal cancer screening. Table 1 lists the clinical evaluation of colonic pathology
for all biopsies. Both male and females were used with ethnicities of Caucasian and African
American (Table 1). Patients who smoked were excluded. The pediatric ulcerative colitis
patients received 5-ASA mono-therapy, whereas the adult ulcerative colitis patients received
5-ASA and prednisone treatment. Biopsies varied in size with total protein content ranging
from 0.19 to 0.50 mg protein.

We measure NAT and MPO enzyme activity in rectosigmoid mucosal biopsies. MPO and
NAT enzyme assays were either accessed in the same biopsy cut in two pieces, with one half
processed for each assay, or accessed from two biopsies from the same colonic region of a
single patient. Two to four biopsies were collected per patient.

We first determined if the NAT assay that we established in mice is also valid with human
biopsies. We validated the human NAT assay to be AcCoA dependent. No NAT activity was
observed without the addition of the NAT cofactor AcCoA (Fig. 3A). The end product
observed 30 minutes after the addition of AcCoA matched the intrinsic fluorescent spectrum
of Ac-5-ASA, whereas the initial reaction mixture containing biopsy homogenate and 5-
ASA in buffer matched the intrinsic fluorescent spectrum of 5-ASA (Fig. 3B).

Our primary goal was to understand the variability in patient NAT activity, with a secondary
goal to ask whether NAT activity correlated with severity of colonic inflammation. We
evaluated the variability of NAT or MPO activity within multiple biopsies from the same

Inflamm Bowel Dis. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Matthis et al.

Page 7

patient, evaluating pediatric and adult groups separately. We used Levene's test, which
assessed the equality of variances of NAT and MPO values within the same patient (from
multiple biopsies). Levene's test shows adult patient variability of NAT and MPO activity are
not equal, with P-values < 0.0001 (NAT) and 0.035 (MPO), respectively. In contrast,
Levene's test applied to the pediatric patients shows that variability of NAT and MPO values
do not differ with P-values 0.063 and 0.636, respectively. Therefore, since the homogeneity
assumption does not hold for adults, adults cannot be used to compare with the pediatric
group. Therefore, we subsequently analyzed the pediatric and adult patient analysis
separately.

In pediatric and adult patients, as expected, we observed a significant increase in MPO
activity in ulcerative colitis (UC) patients. Pediatric MPO activity is 128 + 30 (control)
versus 938 £ 60 (UC) and adult is 273 + 78 (control) versus 1880 + 500 (UC) umol
H,0,/min/mg protein (Fig. 4A and 5A) where data points are shown for each biopsy). In
contrast, NAT activity in the same colitis patients was significantly decreased in pediatric
patients but not in adult patients. Pediatric NAT activity was 5.74 + 0.58 (control) versus
3.24 £ 0.71 (UC) and adults is 6.91 £ 0.69 (control) versus 7.42 + 0.69 (UC) (Fig. 4B and
5B).

We then examined all outcomes regardless of diagnosis, separately in both adult and
pediatric samples, correlating rectosigmoid mucosal NAT and MPO activity at the level of
patient outcomes (Fig. 4C and 5C) or at the level of individual biopsies (Fig. 4D and 5D). In
Figure 4C, linear regression of the pediatric patient outcomes, with a 95 % confidence level
(dotted line), shows a decreasing slope significantly different from zero, which shows that
NAT activity significantly changes with increasing inflammation, where £=0.0022 with a
Y-intercept of 6.33 £ 0.60 nmol Ac-5-ASA/min/mg . In Figure 5C, linear regression of the
adult patients had a Y-intercept of 6.48 + 0.63 nmol Ac-5-ASA/min/mg with a slope not
significantly different from zero showing NAT activity does not change linearly with
increasing inflammation in the adult patients.

When similar linear regression was performed on results of individual pediatric biopsies
(Fig. 4D), results show a decreasing slope significantly different from zero. A linear mixed
model with random effect showed for the pediatric group, whose MPO = 150 pmol
H,0,/min/mg protein, a NAT activity that is significantly (2.5 nmol Ac-5-ASA/min/mg
protein) less than those with MPO values below 150 umol H,O,/min/mg protein (Table 2A).
In contrast, analysis of the adult biopsies with a linear mixed model with random effect
showed (Table 2B) no significant change in NAT activity with increasing inflammation and
the slope of the linear regression was not significantly different from zero (Fig. 5D).

We also evaluated the variability of NAT and MPO enzyme activity between patients. We
focused on the control patients as the ulcerative colitis patients were in various stages of the
disease. The pediatric group had no significant variability in NAT or MPO activity between
patients, whereas adult patients showed more variability in NAT and MPO activity with the
analysis of variance being significant for adults with £=0.0120 and £< 0.0001,
respectively.
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Taken together, these data suggest that adult, but not pediatric, control patients have highly
variable NAT and MPO activity between multiple biopsies from the same patient and are
highly variable between different patients. In contrast, pediatric, but not adult, patients show
a significant reduction in NAT activity with increasing colonic mucosal inflammation which
may affect 5-ASA drug efficacy. Results suggest that the regulation of NAT activity in the
inflamed gut is dissimilar between pediatric and adult patients.

Discussion

5-ASA is a proven medication to reduce inflammation caused by ulcerative colitis in
pediatric and adult patients. Cytosolic NAT enzymes metabolize 5-ASA to Ac-5-ASA in a
wide range of tissues including the gut, liver, placenta, lungs, kidney and bladder. In normal
colon tissue, 5-ASA enters the colonocyte (24-26) and is either rapidly metabolized to Ac-5-
ASA (27) or the 5-ASA is excreted basolaterally into the blood so that no significant amount
accumulates in the tissue (26). The acetylated form of the drug is more stable (and/or
membrane-impermeable) than 5-ASA and collects within the cell and is then exclusively
excreted apically back into the lumen (26). We recently established a method to measure
NAT enzymatic conversion of 5-ASA in mouse tissue and demonstrated that mNAT2 is the
main colonic enzyme to metabolize 5-ASA (1), although recent studies show that both
human and mouse orthologs of NAT1 and NAT2 are competent to metabolize 5-ASA (10,
28).

Kumar et al (19) demonstrated that administration of 75 mg/kg/day p.o. 5-ASA to mice for 7
days during 5 % (w/v) DSS in drinking water significantly suppressed MPO activity in
colonic tissue. In our mice, we used a milder DSS treatment model of 3.5 % (w/v) DSS in
drinking water followed by a two day recovery period of regular drinking water concurrent
with administration of 75 mg/kg/day p.o. 5-ASA for 7 days. We chose a milder DSS colitis
model to produce modest damage. In the present study, treatment with 5-ASA in our WT
mice did not improve inflammation possibly due to healing of the mucosa during the two
day recovery period, whereas we did observe a significant improvement in inflammation and
whole colon length in the Nat1/2 KO mice. Although one double-blind controlled
therapeutic trial showed a beneficial effect of Ac-5-ASA enemas (29), our data suggest that
5-ASA, not Ac-5-ASA, is the predominant anti-inflammatory drug.

Interestingly, the Mat1/2 KO mice on DSS show higher inflammation activity (MPO activity)
than the WT. Sim et al. (30) suggested that NAT enzymes have an endogenous role(s) but are
as yet unidentified and Minchin et al. (31) suggested that an appropriate stress, such as DSS,
may be required before an endogenous role for the xenobiotic metabolizing NAT enzyme is
found. Because the NMat1/2 KO mice show no obvious phenotype (18), yet show greater DSS
induced inflammation in the absence of NAT activity, these suggest that NAT enzymes are
involved in regulation of mucosal homeostasis, yet further study will be needed.

We previously showed (1) that reduced NAT activity was not due to loss of epithelial cells
after DSS exposure and results suggested that DSS reduced colonic 5-ASA metabolism by
decreasing mouse mNAT?2 protein translation or stability and may decrease enzymatic
turnover number. We observed that inflammation significantly impaired distal colonic 5-
ASA metabolism in 9 to 13 week old WT mice. These ages of mice correspond to human
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teenage years to about 20 years old (32, 33), which we can compare to our pediatric human
group. Indeed, we found a significant correlation of lower 5-ASA metabolism with
increasing inflammation in mice (Fig. 2E) that is similar to pediatric patients (Fig. 4D).
Furthermore, the pediatric group (both control and ulcerative colitis patients) shows no
significant mean variance between control patients in 5-ASA metabolism or inflammation
levels. Further investigation, to see if NAT activity is recovered in disease remission may be
useful. These data suggest that 5-ASA metabolism, in the pediatric patient, may be
influenced by the disease condition itself by reducing NAT activity. The mechanism by
which 5-ASA induces its anti-inflammatory effect within the colonocyte is not completely
understood and multiple mechanisms have been proposed (2, 3, 5, 7, 34-36) but a higher
concentration of 5-ASA within the colonocyte may be beneficial. We demonstrated in mouse
experiments that 5-ASA is the therapeutic molecule, therefore reducing NAT acetylation of
5-ASA inside the colonocyte may significantly increase the 5-ASA concentration within the
cell before the 5-ASA is excreted basolaterally into the blood. Based on these results, we
speculate that 5-ASA will gain efficacy with increasing inflammation in pediatric patients
with mild to moderate colitis.

In contrast, the adult group shows no correlation between their 5-ASA metabolism and
inflammation levels (Fig. 5D), in rectosigmoid mucosal biopsies. The adult control
population has significant variability in 5-ASA metabolism and inflammation levels between
different adult patients and between biopsies from the same patient. Adults are a widely
variable group possibly due to gut aging (our controls were age 33 to 74) and/or a plethora
of medications with up to 17 medications per adult patient (list not shown) that may affect 5-
ASA metabolism, whereas the pediatric patients were on a maximum of 7 medications.
Based on these results, we speculate that 5-ASA may be more effective for treatment of
colitis in pediatric patients than in adults.

Another factor effecting 5-ASA metabolism in human populations may be due to NAT gene
polymorphisms that produce rapid or slow acetylation. So far, it has been difficult to link 5-

ASA therapy outcomes to NAT acetylation types (37-39). These data suggest that rapid NAT
acetylation may reduce 5-ASA effectiveness.

In conclusion, our study shows 5-ASA, and not its metabolite Ac-5-ASA is the effective
moiety in mouse gut anti-inflammation therapy. Results show that in young adult mice and
pediatric patients, colonic mucosal inflammation affects 5-ASA metabolism by lowering
NAT activity, whereas adult 5-ASA metabolism did not correlate to inflammation levels.
Most humans have gut NAT activity, therefore blocking colonic NAT activity with inhibitors
to increase 5-ASA efficacy may be an area for further study. Our data suggests that
increasing inflammation may regulate the efficiency of 5-ASA therapy causing the therapy
outcome to be more variable in pediatric populations. Thus, the determination of the rates of
colonic 5-ASA metabolism in a patient may be useful as a new tool to help predict the
efficacy of 5-ASA therapy and to keep the disease in remission.
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FIGURE 1.
Appearance of colonic mucosa and 5-ASA metabolism in Nat1/2 KO mice. (A)

Representative images of hematoxylin and eosin stained distal colon in MatZ/2WT and KO
mice. Low resolution (4x) and high resolution (10x) of area indicated by rectangle in low
resolution image. Bar = 0.2 mm (B) Representative traces of NAT enzyme activity show
fluorescence (Ac-5-ASA: 312 nm excitation/ 437 nm emission) over 120 seconds of Nat1/2
WT (@) or Nat1/2KO () mice distal colon homogenate immediately after the addition of
5-ASA and AcCoA.
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FIGURE 2.
Effect of 5-ASA on DSS-induced colitis in MatZ/2WT and KO mice. DSS colitis was

induced by adding 3.5% DSS to drinking water for 5 days followed by regular drinking
water for two days. During this 7 day DSS and regular water treatment, mice were gavaged
daily with vehicle (\eh) or 75 mg/kg/day 5-ASA (ASA). Control (Con) mice did not receive
DSS or any treatment. (A) Whole colon lengths of excised mouse colon at day 7. Values are
mean + SEM, **P < 0.01, ***P < 0.001 vs. corresponding control, #P < 0.05 Nat1/2 KO
Veh vs. Nat1/2KO ASA. (B) Percent baseline weight changes at day zero (all mice at

100 %) and day 7. **P < 0.01, ***P < 0.001 vs. corresponding control. (C) MPO activity of
distal colon in response to DSS. Values are mean £ SEM. *P< 0.05, **P< 0.01 vs.
corresponding control; #£< 0.05 Nat1/2 KO Veh vs. Nat1/2KO ASA. (D) NAT enzyme
activity of distal colon. Values are mean + SEM. ***P< 0.001 vs. control. (E) Correlation of
NAT versus MPO enzyme activity of WT control (O) with no DSS, and vehicle treated (H),
or ASA treated (@) during DSS. Each point represents one mouse. Linear regression with
95 % confidence levels (dotted line).
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FIGURE 3.
Measurement of human NAT activity. (A) Representative traces of NAT enzyme activity at

312 nm excitation and 437 nm emission. Fluorescence of colon homogenate (x) was
recorded over 120 seconds, then 5-ASA (ASA) was added sequentially to the same
homogenate (0), then thirdly, AcCoA was added to start the reaction (@). After 5-ASA or
AcCoA addition, representative traces were reset to time zero for comparison. (B) Colon
homogenate with 5-ASA (O) compared to the spectra of 5-ASA standard (dotted ling). Same
colon homogenate plus 5-ASA 30 minutes after addition of AcCoA (@), to initiate the
reaction, compared to the spectra of Ac-5-ASA standard (dot-dash-dot line).
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FIGURE 4.

Effect of inflammation on 5-ASA metabolism in pediatric rectosigmoid biopsies. (A) MPO
enzyme activity (B) and NAT enzyme activity was measured in rectosigmoid biopsies of de-
identified pediatric control and ulcerative colitis (UC) patients. Values are mean £ SEM. *P
< 0.05 and ***P < 0.0001 vs. corresponding control. Pediatric control patients are assighed
the letters #a, through h, solid colored circles, ulcerative colitis patients are #i and j, solid
colored squares. Graphs (C and D) show the correlation of NAT to MPO enzyme activity
and are analyzed by linear regression with 95 % confidence levels (dotted line). (C) Each
point represents one patient. Values are mean + SEM for MPO and NAT activity. The region
between 0 and 200 pmol H,O,/min/mg MPO activity is expanded to better show the SEM
for each patient. (D) Each point represents one biopsy and each color (solid colored symbol)
represents one patient.
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FIGURE 5.

Effect of inflammation on 5-ASA metabolism in adult rectosigmoid biopsies. (A) MPO
enzyme activity (B) and NAT enzyme activity was measured in rectosigmoid biopsies of de-
identified adult control and ulcerative colitis (UC) patients. Values are mean £ SEM. ***p <
0.0001, vs. corresponding control. NAT activity between control and UC biopsies are not
significant. Adult control patients are assigned the letters #k, through p, solid colored circles,
ulcerative colitis patients are #q and r, solid colored squares. Graphs (C and D) show the
correlation of NAT enzyme to MPO enzyme activity and are analyzed by linear regression
with 95 % confidence levels (dotted ling). (C) Each point represents one patient. Values are
mean + SEM for MPO and NAT activity. The region between 0 and 200 pmol H,O,/min/mg
MPO activity is expanded to better show the SEM for each patient. (D) Each point
represents one biopsy and each color (solid colored symbol) represents one patient.
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Table 1
Table of summarized patient demographics
1 el *
Group Agerange | Number of patients Sex Ethnicity Accepted Pathology” (patient 1D)
pediatric control 6to 19 8 2 male Caucasian reactive colonic mucosa (b), superficial
6 female lymphoid follicle (f)
pediatric ulcerative colitis | 13 and 16 2 1 male Caucasian mild chronic colitis (j), mild glandular
1 female architectural distortion (i)
adult control 33t0 74 6 2 male 2 Caucasian hyperplastic polyp (I, m, p), tubular (k) or
4 female 4 African serrated (I) adenoma with no high grade
American dysplasia or malignancy
adult ulcerative colitis 25and 43 2 1 male Caucasian Mild glandular architectural distortion (q),
1 female prominent lymphoid aggregates (q),
quiescent chronic colitis (q), ulcerative
colitis (r)

Patient letter identifiers are the same as in Figure 4 and 5.

*
Other than normal
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Table 2

A. Solution for Fixed Effects: Pediatric

Effect Estimate | Standard Error | Degreeof Freedom | tValue | P Value
Intercept 6.2900 0.6805 9 9.24 <0.0001
MPO > 150 | -2.5386 0.9094 14 -2.79 -2.79
B. Solution for Fixed Effects: Adults
Effect Estimate | Standard Error | Degreeof Freedom | tValue | PValue
Intercept 6.6868 1.2355 7 5.41 0.0010
MPO > 150 0.6560 1.5596 23 0.42 0.6780

MPO, myeloperoxidase
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