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ABSTRACT

Chronic intestinal inflammation significantly contributes to the development of colorectal
cancer (CRC) and remains a pertinent clinical challenge, necessitating novel therapeutic
approaches. Indole-based microbial metabolite mimics FKK6, which is a ligand and agonist of
the pregnane X receptor (PXR), was recently demonstrated to have PXR-dependent anti-
inflammatory and protective effects in a mouse model of dextran sodium sulfate (DSS)-induced
acute colitis. Here, we examined the therapeutic potential of FKK6 in a mouse model (C57BL/6
FVB humanized PXR mice) of colitis-associated colon cancer (CAC) induced by
azoxymethane (AOM) and dextran sodium sulfate (DSS). FKK6 (2 mg/kg) displayed
substantial anti-tumor activity, as revealed by reduced size and number of colon tumors,
improved colon histopathology, and decreased expression of tumor markers (c-MYC, -
catenin, Ki-67, cyclin D) in the colon. In addition, we carried out the chronic toxicity (30 days)
assessment of FKK6 (1 mg/kg and 2 mg/kg) in C57BL/6 mice. Histological examination of
tissues, biochemical blood analyses, and immunohistochemical staining for Ki-67 and y-H2AX
showed no difference between FKKG6-treated and control mice. Comparative metabolomic
analyses in mice exposed for 5 days to DSS and administered with FKK6 (0.4 mg/kg) revealed
no significant effects on several classes of metabolites in the mouse fecal metabolome. Ames
and micronucleus tests showed no genotoxic and mutagenic potential of FKK6 in vitro. In
conclusion, anticancer effects of FKK6 in AOM/DSS-induced CAC, together with FKKG6 safety
data from in vitro tests and in vivo chronic toxicity study, and comparative metabolomic study,

are supportive of the potential therapeutic use of FKKG6 in the treatment of CAC.
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78 INTRODUCTION

79  Inflammatory bowel disease (IBD), encompassing Crohn's disease and ulcerative colitis (UC),
80 is a chronic condition characterized by a well-established correlation with colorectal cancer
81  (CRC). Patients diagnosed with IBD face 2- to 8-fold elevated risk of developing CRC [1]. This
82  remarkable association underscores the deep connection between chronic inflammation, such
83 as colitis, and the initiation of colitis-associated colon cancer (CAC). Chronic inflammation
84  plays a crucial role in carcinogenesis by creating a pro-tumorigenic microenvironment that
85  promotes cell proliferation, leads to mutations, and induces genomic instability [2, 3] and
86  epigenetic changes that silence tumor suppressor genes and activate oncogenes [4]. Therefore,
87  attenuating intestinal inflammation is one of the strategies for preventing CAC onset in IBD
88  patients. Various inflammation-related cellular objects were proposed or employed as the
89  pharmacological targets for a chemoprevention of CAC. The examples, but not exhaustive list,
90 comprise antibodies against inflammatory cytokines (Adalimumab, Infliximab, Tocilizumab)
91 and cytokines receptors (Basiliximab, Daclizumab), selective cyclooxygenase 2 (COX-2)
92 inhibitors (Celecoxib, Rofecoxib), COX-1/2 inhibitors (aspirin), and various non-steroidal anti-
93 inflammatory drugs (NSAID) [5]. For instance, long-term users of aspirin and other NSAIDs
94  had reduced incidence of CRC by 40-50% [6]. 5-aminosalicylic acid was associated with a 49%
95 reduced risk of adenoma colorectal neoplasms in UC patients. European Cancer Organization
96 recommended the use of mesalamine compounds (aminosalicylates) to UC patients [1].

97

98  An emerging and promising therapeutic target in the treatment of CAC could be the pregnane
99 X receptor (PXR). Besides its central role in the regulation of xenobiotic-metabolizing
100  enzymes, the PXR controls the intermediary metabolism of lipids, glucose, and bile acids, and
101 it is involved in the onset and progress of various diseases, including diabetes, metabolic
102  syndrome, cardiovascular pathologies, acute kidney injury, neurological pathologies,
103  inflammatory bowel disease, and cancer. Multiple in vivo studies revealed the functions of PXR
104 in IBD. Attenuated activation of the PXR by endogenous bile acids [7] and decreased
105  expression of the PXR in the intestines were reported in patients with Crohn’s disease [8].
106  Consistently, the amelioration of chemically induced colitis in vivo was achieved by various
107 PXR agonists such as flavonoids [9] and sesquiterpenes [10] by the NFxB inhibition
108  mechanism.

109  On the other hand, the roles of PXR in CRC are context-dependent. PXR accounts for reduced
110  effectivity of some CRC chemotherapeutics, such as doxorubicin [11] and irinotecan [12]. PXR

111 upregulated anti-apoptotic genes [13], de-repressed p53 [14], and enhanced the neoplastic
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112 characteristics [15] in human colon cancer cells. In addition, PXR was identified as a key factor
113 for colon cancer stem cells self-renewal and chemoresistance [16]. Therefore, PXR is a
114  potential biomarker of unfavorable outcomes in CRC chemotherapy or radiation [12, 13, 15-
115  28]. On the other hand, in a single study, PXR suppressed the proliferation and tumorigenicity
116  of colon cancer cells by controlling the cell cycle in endogenously low PXR-expressing cells
117 [29]. The activation of PXR by rifaximin protected against azoxymethane (AOM)/dextran
118  sulfate sodium (DSS)-induced colon cancer by the mechanism involving blockade of NF«xB
119  [30]. Rifaximin also inhibited the release of pro-angiogenic mediators in colon cancer cells
120  through the PXR-dependent pathway [31]. Collectively, the PXR roles in intestinal
121 pathophysiology resemble Dr. Jekyll and Mr. Hyde's story. The appropriate activation of PXR
122 by endogenous, microbial, and dietary ligands and the physiological expression of PXR in the
123 gut are essential conditions for intestinal health.

124  On the contrary, decreased expression of PXR, its insufficient endogenous activity, or its
125  excessive activation by xenobiotics are associated with the onset and progress of IBD and CRC
126  (CAC). [32, 33]. Recently, we have demonstrated a novel concept of small-molecule mimicry
127  of microbial metabolites present in humans to expand drug repertoires [34]. We designed a
128  series of highly potent, efficacious, non-toxic PXR-selective agonists mimicking indole-based
129  intestinal microbial metabolites. Lead derivative FKK-6 displayed PXR-mediated in vitro anti-
130 inflammatory and in vivo anti-colitis phenotype [35]; however, the effects in colitis-induced
131 colon cancer is unknown.

132

133  Recently, we reported on the initial in vitro pharmacological profiling of FKK6. High
134  selectivity of FKK6 towards PXR was supported by hydrogen-deuterium exchange mass
135  spectrometry and broad counter-screen against potential off-targets, including G protein-
136  coupled receptors, steroid and nuclear receptors, ion channels, and xenobiotic membrane
137  transporters. Solubility in simulated gastric and intestinal fluids, the partition coefficient, and
138  permeability in Caco2 cells were indicative of essentially complete in vivo absorption of FKKB6.
139 It was rapidly metabolized in human liver microsomes, yielding two metabolites with
140  significantly reduced PXR agonist potency, which implies that despite high intestinal
141  absorption, FKKG6 is eliminated quickly by the liver, and its PXR effects are predicted to be
142  predominantly in the intestines. FKK6 has exhibited a suitable pharmacological profile
143  supporting its potential preclinical development [36].

144
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145  In the current study, FKK® is evaluated for its potential to abrogate tumor number and size in
146  the AOM-DSS mouse model of colitis-induced colorectal cancer. In addition, chronic toxicity
147  studies were conducted in mice, and fecal metabolomics was assessed in mice exposed to DSS
148  for 5 days.
149
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179 MATERIALS AND METHODS

180  Chemicals and reagents

181  Acetonitrile (ACN; A998-1), methanol (MeOH; A452-4), 10x PBS solution (50-105-5502),
182 and acetic acid (A38C-212), all LC-MS grade, were purchased from Fisher Scientific
183  (Pittsburgh, PA). Ammonium hydroxide (AX1308-7), ammonium acetate (A-1542) was bought
184  from Sigma-Aldrich (Saint Louis, MO). De-ionized water was provided in-house by a Water
185  Purification System from EMD Millipore (Billerica, MA). PBS was bought from GE Healthcare
186  Life Sciences (Logan, UT). FKKG6 was synthesized as described previously [35]. The standard
187  compounds corresponding to the measured metabolites were purchased from Sigma-Aldrich
188  (Saint Louis, MO) and Fisher Scientific (Pittsburgh, PA).

189

190  Ames fluctuation test and bacterial cytotoxicity

191  Ames fluctuation test was performed in Salmonella typhimurium strains TA98, TAZ100,
192  TA1535, and TA1537 in the presence or absence of rat liver S9 fraction [37]. Bacteria were
193  incubated for 96 h at 37 °C with FKK6 (5 uM — 100 puM), quercetin (QUE; 30 uM),
194  streptozotocin (STR; 2.5 uM), 9-aminoacridine (9AA; 10 uM), 2-aminoanthracene (2AA; 10
195  uM), Mitomycin C and vehicle. The cytotoxicity results were expressed as a percent of control
196  growth (ODeso). Compounds with the effects on the growth lower than 60% of control were
197  considered cytotoxic. Wells that displayed bacteria growth due to the reversion of the histidine
198  mutation (as judged by the ratio of OD430/ODs70 being greater than 1.0) were counted and
199  recorded as positive counts. The significance of the positive counts between the treatments and
200 the controls was calculated using the one-tailed Fisher's exact test. The significance levels were
201  applied as follows: Weak positive ("+"), if 0.01 < p <0.05; Strong positive ("++"), if 0.001 <p
202 < 0.01; Very strong positive ("+++"), if p < 0.001.

203

204  Invitro micronucleus assay

205  Dihydrofolate reductase deficient Chinese hamster ovary cells (CHO-K1) were incubated at 37
206  °C with FKK6 (8 uM; 16 uM; 32 uM), Mitomycin C (MTC; 0.3 uM), cyclophosphamide (CP;
207 72 uM) or vehicle (DMSO; 1%) in the presence (4 h) or absence (24 h) of rat liver S9 fraction,
208  as described elsewhere [38]. The percent of micronucleated cells was calculated. A marginally
209  positive result ("-/+") was defined as a value significantly higher than controls (t-test, p < 0.05),
210  and at least 2-fold higher than controls. A positive result ("+") is defined as a value significantly

211 higher than controls (t-test, p < 0.05) and at least 3-fold higher than controls.
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212 Metabolomics

213  The targeted LC-MS/MS method was used in numerous studies [39-41]. LC-MS/MS
214  experiments were performed on an Agilent 1290 UPLC-6490 QQQ-MS (Santa Clara, CA)
215  system. Each sample was injected twice: 10 uL for analysis using negative ionization mode,
216  and 4 pL for analysis using positive ionization mode. Chromatographic separations were carried
217  outin hydrophilic interaction chromatography (HILIC) mode on a Waters XBridge BEH Amide
218 column (150 x 2.1 mm, 2.5 um particle size, Waters Corporation, Milford, MA). The flow rate
219  was 0.3 mL/min, the auto-sampler temperature was kept at 4 'C, and the column compartment
220  was set at 40 C. The mobile phase was composed of Solvents A (10 mM ammonium acetate,
221 10 mM ammonium hydroxide in 95% H>0/5% ACN) and B (10 mM ammonium acetate, 10
222 ' mM ammonium hydroxide in 95% ACN/5% H>0). After the initial 1 min isocratic elution of
223 90% B, the percentage of Solvent B decreased to 40% at t=11 min. The composition of Solvent
224 B was maintained at 40% for 4 min (t=15 min), and then the percentage of B gradually went
225  back to 90% to prepare for the next injection. The mass spectrometer is equipped with an
226  electrospray ionization (ESI) source. Targeted data acquisition was performed in multiple-
227  reaction monitoring (MRM) mode. The whole LC-MS system was controlled by Agilent
228  Masshunter Workstation software (Santa Clara, CA). The extracted MRM peaks were
229 integrated using Agilent MassHunter Quantitative Data Analysis (Santa Clara, CA).

230

231  Animals

232 Five-week-old male or female C57BL/6 mice (Jackson Laboratories, Bar Harbor, Maine; #
233  000664) were co-housed for acclimatization at the vivarium for 2 weeks before experiments.
234  For certain experiments like the AOM-DSS study, which faithfully replicates human colorectal
235  cancer genomics [42], FVB humanized PXR mice (~67% FVB/N)(see genotyping details from
236  DartMouse in Zenodo: http://doi.org/10.5281/zenodo.12187327) were used (kindly provided
237 by Julia Cui, Washington University, St. Louis). All animal experiments were approved by the
238  Animal Institute Committee (Protocols #00001409 & #00001610) of the Albert Einstein
239  College of Medicine and were performed following institutional and national guidelines. All
240 mice were sex and age-matched within experiments and maintained under a strict 12-hour
241 light/dark cycle with free access to sterilized chow and water.

242

243  Chronic toxicity assessment (30 days)

244  Seven-week-old C57BL/6 mice were divided into three groups — 6 mice in each group with 3

245  females and 3 males. Group #1: control (100 pL of normal saline with 1% DMSO); Group #2:
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246 FKK6 — 1 mg/kg (100 uL of 0.5 mM FKK®6); Group #3: FKK6 — 2 mg/kg (100 uL of 1 mM
247  FKK®6). Stock solutions of test compound were diluted in normal saline. Mice were orally
248  gavaged daily for a period of 30 days. On Day 30, mice were euthanized, and sera were
249  collected for blood biochemistry assays - Superchem Analysis (SA020, Antech Diagnostics,
250  New Hyde Park, NY). Tissues were collected by Albert Einstein Histology and Comparative
251  Pathology Facility and the histology was evaluated at Albert Einstein Histology and
252  Comparative Pathology Facility. Ki-67 immuno-histochemical staining of gastro-intestinal
253  sections, including both small and large intestines, and data analyses were done at Albert
254  Einstein College Analytical Image Facility. The same tissue sections were stained and analyzed
255  for the expression of y-H2AX (phospho Ser139) (HistoWiz, Inc., New York City, NY, USA).

256

257  AOM Assay

258  6-8 weeks FVB humanized PXR mice were administrated with a single i.p. dose of 10 mg/kg
259  AOM (Azoxymethane, A5486, Sigma) on Day 1, then treated with 3% (w/v) DSS in water
260  (molecular weight, 36,000-50,000; MP Biomedicals Inc.) for 7 days. After 7 days, 3% DSS
261  was replaced by regular water for 7 days. The cycle (7 days 3% DSS and 7 days regular water)
262  was repeated 5 times. In the Assay Group, mice were given 2 mg/kg (in LABRAFIL M2125
263 CS, CAS:61789-25-1, Gattefosse, France) orally and rectally every day except weekends.
264  Control Groups were given the same vehicle formulation. After the experiment reached 5 cycles
265  of the DSS/non-DSS treatment, colons were collected and stained briefly with Alician Blue
266 (1% in 3% Acetic Acid Solution) and rinsed in PBS for visualizing tumors. Colon images were
267  analyzed by ImageJ for quantifying tumor size and number. Colon samples were subjected to
268  paraffin embed for HE or Multiplex Immunofluorescence Staining. The mice were not
269  randomized but were randomly allotted to the treatment groups. No a priori sample size
270  estimated were performed, and the samples were chosen based on prior published sample sizes

271 for treatment studies [43].

272 Metabolomics study

273 6-8 weeks FVB humanized PXR mice were divided into four groups, with 8 mice (n=8; 5 males
274  and 3 females) in each experimental group. Mice had free access to water, containing 3% (w/v)
275  DSS, and they were administered quaque die / per os + per rectum for 5 days with vehicle or
276 0.4 mg/kg FKK®6. The feces were collected and subjected to metabolomic analyses.

277
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279  Multiplex Immunofluorescence staining

280  Immunofluorescence staining was performed by iHisto Inc. (ihisto.io) Paraffin sections were
281  then deparaffinized and hydrated using the following steps: 15 min in xylene twice; 5, 5, and 5
282  min in 100%, 100%, and 75% ethanol, respectively; and 5 min in PBS at room temperature
283  repeated three times. Antigen retrieval was achieved by heating the slides in a Citrate-based
284  solution (VectorLab, H-3300) for 15 min in a pressure cooker (SB Bio) oven and 20 min of
285  cooling at room temperature. Sections were washed with PBS three times and treated with 3%
286  H202 for 15 min and 3% bovine serum albumin for 30 min. The sections were incubated with
287  the primary antibody Rabbit Anti-Ki67 (abcam ab16667, 1:200) overnight at 4°C. Sections
288  were rinsed with PBS and incubated with secondary antibody HRP-conjugated Goat anti-rabbit
289  secondary antibodies (Invitrogen, 31460, 1:500) for 1 hour at room temperature. After rinsing
290  with PBS, sections were incubated for 10 minutes at room temperature in Alexa Fluor™ 555
291  Tyramide Reagent (Invitrogen, B40955). Antigen retrieval was achieved by heating the slides
292 in Citrate-based solution (VectorLab, H-3300) for 15 min in a pressure cooker (SB Bio) oven
293 and 20 min of cooling at room temperature. Sections were washed with PBS three times, treated
294  with 3% bovine serum albumin for 30 min. The sections were incubated with the primary
295  antibody c-Myc (Cell Signaling 13987, 1:1000) overnight at 4°C. Sections were rinsed with
296 PBS and incubated with secondary antibody HRP-conjugated Goat anti-rabbit secondary
297  antibodies (Invitrogen, 31460, 1:500) for 1 hour at room temperature. After rinsing with PBS,
298  sections were incubated for 10 minutes at room temperature in Alexa Fluor™ 488 Tyramide
299  Reagent (Invitrogen, B40953). Antigen retrieval was achieved by heating the slides in Citrate-
300 based solution (VectorLab, H-3300) for 15 min in a pressure cooker (SB Bio) oven and 20 min
301  of cooling at room temperature. Sections were washed with PBS three times, treated with 3%
302  bovine serum albumin for 30 min. The sections were incubated with Rabbit anti-cyclin D1 (Cell
303  signaling 2978, 1:500) overnight at 4 °C. Sections were rinsed with PBS and incubated with
304 secondary antibody HRP-conjugated Goat anti-rabbit secondary antibodies (Invitrogen, 31460,
305  1:500) for 1 hour at room temperature. After rinsing with PBS, sections were incubated for 10
306 minutes at room temperature in Alexa Fluor™ 594 Tyramide Reagent (Invitrogen, B40957).
307  Antigen retrieval was achieved by heating the slides in a Citrate-based solution (VectorLab, H-
308  3300) for 15 min in a pressure cooker (SB Bio) oven and 20 min of cooling at room temperature.
309  Sections were washed with PBS three times and treated with 3% bovine serum albumin for 30
310  min. The sections were incubated with Rabbit anti-p-Catenin (Cell signaling 8480, 1:200) &
311 Phospho-Histone H2A. X (eBioscience 14-9865-82, 1:100) overnight at 4 °C. Subsequently, the

312  sections were immunohistochemically stained with Goat anti-Rabbit AF647 (Invitrogen A-

9
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313 21245, 1:500) & Goat anti-Mouse AF750 (Invitrogen A-21037, 1:500) for 1 hour at room
314  temperature. Quench autofluorescence with 0.1% Sudan Black B for 15 min and stain DAPI.
315  Whole slide scanning (40x) was performed on a Panoramic midi scanner (3D histech).

316

317  Analysis of Multiplex Immunofluorescence staining: The selected markers, paired with their
318  corresponding fluorophores, comprised FITC for c-MYC, CY3 for Ki-67, CY5 for -catenin,
319  and Texas Red for cyclin D. Tissue sections labeled with immunofluorescence were visualized
320 and captured using a 3D Histech P250 high-capacity slide scanner. The co-expressed staining
321 within the delineated regions of interest (ROIs) was quantified using the HistoQuant Quant
322 Center module (3DHISTECH) and was subsequently processed utilizing 3DHistech
323  SlideViewer software, version 2.7. Out of n = 6 in each group, three randomly selected slides
324  from each experimental group were excluded from the data analysis due to predefined exclusion
325  criteria, such as suboptimal tissue preparation or unsuccessful immunostaining.
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347 RESULTS

348  In vitro safety of FKK6

349  In addition to recently reported in vitro safety signals of FKK6 [36], we have performed
350 mutagenic and genotoxic tests. An Ames fluctuation test was employed to assess the mutagenic
351 potential of FKKG6 across various strains of Salmonella typhimurium (TA98, TA100, TA1535,
352  TA1537). The evaluation was carried out in the presence and absence of rat liver S9 fraction to
353  detect potential metabolic activation. FKK6 did not induce an increase in revertant colonies in
354  any tested strain (Figure 1A). FKK6 did not exhibit cytotoxic effects on the tested bacterial
355  strains, implying that the lack of mutagenicity observed in the Ames test was not due to the
356  growth inhibition of bacteria (Figure 1B). The genotoxic potential of FKK6 was assessed by
357  the in vitro micronucleus test in CHO-K1 cells. FKK6 did not increase micronuclei formation,
358  which supports its non-genotoxic profile (Figure 1C).

359

360  In vivo safety of FKK6

361  We evaluated the chronic toxicity of FKK6 in C57BL/6 mice (n=6; each group) administered
362 FKKG6 (1 mg/kg and 2 mg/kg in normal saline with 1% DMSO) via oral gavage daily for 30
363  days (Figure 1G).

364 Histological examination of mouse tissues revealed no pathological changes indicative of
365 FKKG6 toxicity (Table 1). Biochemical blood analyses showed no decline in FKK6-treated mice
366  compared to vehicle-treated mice (Figure 1D). Immunohistochemical staining of intestines for
367 Ki-67, a cell proliferation marker, did not show a difference between FKKG6-treated and control
368  mice, implying that FKK6 does not promote hyperplasia or neoplasia (Figure 1E). Similarly,
369  staining of intestines for y-H2AX, a marker of DNA damage, revealed FKK®6 safety regarding
370  genotoxicity (Figure 1F), which is consistent with in vitro data (Figure 1A-C).

371

372 Comparative metabolomics of FKKG6 in DSS-treated mice

373 In a previous study, we reported PXR-dependent protective effects of FKK6 in mice with
374  dextran sodium sulfate (DSS) induced colitis [35]. Therefore, we conducted comparative fecal
375 metabolomic analyses in mice exposed for 5 days to DSS and administered in parallel with
376 FKK6 (0.4 mg/kg; qd/po+pr) or vehicle. The metabolic clusters, including intermediary
377  metabolism of amino acids, fatty acids, nucleotides, carbohydrates, neurotransmitters, and

378  vitamins, were not altered in FKK6-treated mice compared to the control group (Figure 2).
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379  Altogether, in vitro data, 30-day in vivo chronic toxicity assessment, and in vivo, comparative
380  metabolomics, together with recently published pharmacological profiling [36], support FKK6
381  therapeutic drug safety.

382

383 FKKG6 exhibits anti-cancer activity in a mice model of AOM/DSS-induced colitis-
384  associated colon cancer

385  Since FKKG6 displayed anti-inflammatory activity in vitro and in mice with DSS-induced colitis
386  [35], we investigated whether FKKG is protective against AOM/DSS-induced colitis-associated
387 intestinal tumorigenesis in mice. The experimental design of an AOM/DSS animal study is
388 illustrated in Figure 3. Mice subjected to AOM/DSS protocol were divided into two groups; a
389  control group receiving vehicle (n=8) and an FKK®6-treated group (n=10) receiving every day
390  (except weekends) 2 mg/kg FKKG6 (po+pr). The number and size of tumors were evaluated after
391  staining mouse colons with Alcian blue. Representative macroscopic views of the colon tumor
392  area provide a direct visual comparison between the control and FKKG6-treated groups. The
393  sections of the colon from the control group display numerous and large tumors, as indicated
394 by yellow circles (Figure 4B, Figure S1A). In contrast, in the colon sections from the FKK6-
395 treated group, a reduction in tumor size and number is evident (Figure 4C, Figure S1B).
396  Quantitative analysis using ImageJ software was consistent with visual observations. The
397  scatter plots show a substantial and significant (p<0.01) decrease in the number and size of
398 tumors in the FKKG6-treated group (Figure 4A). Mouse colon tissues were subjected to
399  immunohistochemical analyses. Colon sections were stained with hematoxylin and eosin
400 (H&E) to evaluate overall tissue morphology and the extent of tumor invasion. Whereas the
401  control group exhibited substantial disruption of architecture and invasive tumor growth,
402  characteristic of advanced neoplastic transformation (Figure 5A, Figure S2A), the FKK6-
403  treated group maintained more intact histological structure with minimal signs of invasion and
404  disruption (Figure 5D, Figure S2B). In parallel, colonic sections were stained by multiplex
405  immunofluorescence to assess the expression of key tumor markers, including c-MYC, B-
406  catenin, Ki-67, and cyclin D. Fluorescence intensity quantification in the regions corresponding
407  to tumors (Figure 5G) revealed an 85.1% reduction in c-MYC and an 82% reduction in
408  combined markers (B-catenin, Ki-67, cyclin D) in the FKK6-treated group (Figure 5B-C) as
409  compared to control group (Figure 5E-F). Collectively, FKK6 displayed substantial anti-tumor
410  activity in the AOM/DSS mouse model of inflammation-related colorectal cancer, which is

411  documented by reduced size and number of tumors and decreased expression of tumor markers.
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412 DISCUSSION

413  The development of FKKG6 as a potential therapeutic agent for inflammatory bowel disease
414 (IBD) and colorectal cancer (CRC) represents a significant advancement in harnessing
415  microbial metabolite mimicry for drug discovery. The AOM/DSS model faithfully mimics the
416  pathogenesis of human CAC, characterized by chronic inflammation leading to dysplasia and
417  carcinoma [44]. The use of FKKG6 in this model is particularly compelling. The anti-
418 inflammatory and anti-tumor effects of FKK6 could translate into significant therapeutic
419  benefits for patients with IBD and those at risk of developing CAC. By targeting PXR, FKK6
420  addresses the inflammatory component of these diseases and offers a novel approach to cancer
421  prevention and treatment.

422 The comprehensive genotoxicity and toxicity testing results suggest that FKK6 does not exhibit
423  mutagenic potential or significant cytotoxic effects. Evaluation of compound chronic toxicity
424  over 30-days in mice also supported its safety profile, with no significant histopathological
425  changes observed in major organs. While mild immune reactions were noted in the liver, lungs,
426  and spleen, further investigation is required to understand the immunomodulatory effects of
427  FKKG6 fully.

428  Safety assessment of FKK® in vitro, as detailed in the safety profile study [36], revealed several
429  key pharmacological properties supporting its potential for clinical development. FKK6
430 exhibited high permeability, solubility, and metabolic clearance, suggesting favorable
431  pharmacokinetics. The compound was metabolized primarily through reduction and oxidation
432  reactions, but high clearance may limit its oral bioavailability. Interestingly, we assessed the
433 direct effects of FKK6 on fecal metabolomics on day 5 of treatment with FKK6 in 3% DSS
434  exposed mice. Notably, mice have preserved weight by day 5 and only after day 5 does the
435  weight begin to decline, so at day 5 host effects on fecal metabolomes are thought to be much
436  less than if we assessed at a point when the weights decline. In this assessment, FKK6 had
437  minimal effects on various metabolites belonging to different classes. While every metabolite
438  was not assessed broadly, FKK6 has minimal effects on different metabolites, suggesting

439  minimal off-target effects in this context.

440 Based on the safety profile and therapeutic potential of FKK6, several promising clinical
441  applications can be envisioned. However, optimization of FKK6's biological availability
442  through the development of enhanced formulations is crucial for its clinical translation. Oral
443  delivery system development is currently an active area of research in treating diseases affecting
444  the colon. Nanotechnology has recently emerged as a new and effective tool for targeted drug
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445  delivery. For example, as demonstrated by Merlin's group [45, 46], encapsulation of drugs in
446 lipid nanoparticles significantly improves their pharmacokinetic properties compared to free
447  compounds. This means oral nanoparticle-based delivery systems may protect the charged drug
448  from the harsh gastrointestinal environment and selectively increase drug concentration at the
449  disease site. Therefore, considering the compound FKKS®, investigating oral formulations that
450 ensure safe and effective delivery to the colon may be beneficial in maximizing anti-

451  inflammatory effects while minimizing systemic exposure.

452 In the context of anti-tumor effects, treatment with the tested compound significantly reduced
453  the number and size of tumors compared to the control group. Histological and
454  immunohistochemical analyses showed that FKK6 treatment maintained a more normalized
455  tissue structure and reduced the expression of key tumor markers. These results indicate that
456  FKKG6 acts as an anti-tumor by modulating critical oncogenic pathways. Given the complexity
457  of cancer pathogenesis, the mechanism of FKK6 action could also involve influencing the

458  tumor microenvironment and inflammatory drivers of colon cancer.

459  The comprehensive evaluation of FKK6 has demonstrated its favorable safety profile and strong
460  anti-tumor effects in colorectal cancer, potentially by modulating critical oncogenic pathways.
461  The absence of mutagenic and cytotoxic effects and the lack of significant adverse effects in
462  chronic toxicity studies underscores the compound's safety. The significant reduction in tumor
463  burden and modulation of oncogenic pathways further highlight the therapeutic potential of
464  FKKG6 in colorectal cancer.

465

466 STUDY LIMITATIONS

467  The dosing of FKK6 in the DMSO formulation has not been optimized for mice so lower or
468  even higher doses tolerated by mice could potentially have a greater effect on reducing tumor
469  burden. Other formulations of FKK®6, currently under development, have not been tested in the
470  mouse model. The full pharmacokinetic profile of single and multi-dosing of FKK6 has not be
471  characterized and in the future these data may help guide optimal dosing and delivery. A
472 mechanistic evaluation of FKK6 would be important to know how FKK6 might prevent tumor
473 formation and there would need to be cautious application of FKK6 when tumors are already
474  present [15]. Additional models of inflammation-induced colon cancer also need to be studied
475 in the context of FKK6 effects. The fecal metabolomics also need to be expanded to other
476  unstudied metabolites and on different intestinal inflammation and cancer models.

477
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512 FIGURE LEGEND

513  Figure 1. In vitro and in vivo safety of FKK®6. (A,B) Ames fluctuation test & Bacterial
514  cytotoxicity. Assays was carried out in four different strains of Salmonella typhimurium, in the
515  presence or absence of rat liver S9 fraction, as described in detail in the Materials and Methods
516  section. CTR = background, 2AA = 2-aminoanthracene (10 uM), 9AA = 9-aminoacridine (10
517  uM), QUE = quercetin (30 uM), STR = streptozotocin (2.5 uM); Significance was calculated
518  using the one-tailed Fisher's exact test. (C) Micronucleus assay. CHO-K1 cells were incubated
519 at 37 °C with FKK6 (0 pM; 8 uM; 16 uM; 32 uM), Mitomycin C (MTC; 0.3 uM) or
520 cyclophosphamide (CP; 72 uM) in the presence (4 h) or the absence (24 h) of rat liver S9
521  fraction. The percent of micronucleated cells was calculated and the significance was
522  determined using the t-test. (D) Mouse blood biochemistry. 30-days chronic toxicity in vivo
523  experiment; FKK6 (0 mM; 0.5 mM; 1 mM) was dosed g.d./p.o.; n = 6 mice per group. (E) Ki-
524 67 intestinal expression - immunohistochemistry. Evaluated in n = 3 mice per group. (F) s
525  H2AX (phospho Ser139) intestinal expression - immunohistochemistry. Evaluated in n = 3
526  mice per group. (G) Mice 30-days chronic toxicity experiment scheme

527

528 Figure 2. FKK6 does not alter the metabolomic profile of mouse feces. Comparative
529  metabolomic analyses are shown. Mice were divided into four groups, with 8 mice (n=8; 5
530 males and 3 females) in each experimental group. Mice had free access to water, containing 3%
531  DSS and were administered quaque die / per os + per rectum for 5 days with vehicle or 0.4
532 mg/kg FKK®6. The data are expressed as mean = SD.

533

534  Figure 3. Schematic overview of AOM/DSS animal study design.

535

536  Figure 4: FKKG6 exhibits protective effects in the AOM/DSS mouse model in vivo. (A) The
537  size of tumors (left plot): each dot (circle, square) represents an individual tumor, and a plot
538  comprises cumulatively all tumors in the examined colonic section of all mice in the
539  experimental group. The number of tumors (right plot): each dot (circle, square) represents a
540  number of tumors in the examined colonic section of individual mice in the experimental group.
541  Statistical analysis was conducted using the Mann-Whitney test, **, P < 0.01; (B) A
542  representative macroscopic view of the colonic section of control mouse (n = 8); (C) A
543  representative macroscopic view of the colonic section of FKK6-treated mouse (n = 10). Tumor

544  quantification was performed using the ImageJ software.
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545

546  Figure 5. FKK6 reduces tumor markers in the colon of AOM/DSS-treated mice.
547  Representative images from the control group (A, B, C) and the FKK®6-treated group (D, E, F)
548  are shown. Mouse colon sections were counterstained with H&E (A,D), and the tumor area was
549 indicated by an inserted black frame. The same colon sections were immune-fluorescently
550 labeled with anti-c-MYC (FITC), anti-Ki-67 (CY3), anti-p-catenin (CY5), and anti-cyclin D
551  (Texas Red) antibodies (B,E — low magnification; C,F — high magnification). The tumor
552 markers in the areas indicated by the white frame (B, E) were quantified (n = 3; for each group),
553  and a detailed view of these areas is presented (C, F). Immunohistochemical quantification of
554  tumor markers was performed using 3DHistech SlideViewer software. The results are presented

555  as absolute values corresponding to individual channels in tumor area (G).

556

557  Figure S1: Mice colonic tumor visualization by Alician blue (A) Control group (n = 8). (B)
558  FKKG6-treated group (n = 10).

559

560 Figure S2: Mice colonic tissue H&E and IF staining. Mouse colon sections were stained
561  with H&E, and immuno-fluorescently labeled with anti-c-MY C (FITC), anti-Ki-67 (CY3), anti-
562  B-catenin (CY5), and anti-cyclin D (Texas Red) antibodies. (A) control (AOM/DSS) group
563  (n=6). (B) FKK6 (+AOM/DSS) group (n=6). Note: Samples 4, 5, and 6 were excluded from IF
564  quantification due to suboptimal preparation or staining.

565

566  Table 1. 30-day chronic toxicity in vivo experiment — histology: FKK6 (0 mM; 0.5 mM; 1
567 mM) was dosed q.d./p.o.; n = 6 mice per group.
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Clinical Assessment Colitis and Tumor Progression, total 70 days

AOM (10 mg/kg) Sacrifice
Day 1 Day 70

Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9 Week 10

FVB/hPXR mice

. 0 /@\
/ oY TmM FKK6

P o ) administered every day except

/ - \ weekends; PO + PR

Control Group; Assay Group;
n = 8 (6F + 2M) n =10 (8F + 2M) Figure 3



https://doi.org/10.1101/2024.07.30.605845

Area [mm2]

20000

15000

10000

5000

Tumor Size

%k %k %k %k

*e8e .
H
;:.;; ::..
ﬁ[‘;? (7
H [ - -
$e 83 ! l .IH'I!.III
1
Control FKK6

n\\\m\\\m\m\\\\n\m\\\m

Number of tumors

Tumor Number

25+
+ Control;n=8
= = FKK6;n=10
20 r—————_________}
15+
10
5 R
0 : I
Control FKK6

g

Figure 4


https://doi.org/10.1101/2024.07.30.605845

(S|

2.000 mm 3 2.000 mm 0.050 mm

D L F

2.000 mm

IF quantification

8x106
C\E B CY5+CY3+TR
3 FITC
o 6x10°-
o
©
O 4x10°-
[y
@
e
O 2x1064
fo
o
- -
o M .. Figure 5

Vehicle FKK6


https://doi.org/10.1101/2024.07.30.605845

\ mu“|l“lllll%’lilllll![lHullH|I‘|l”|l|||l.‘(lll‘xillllllllllllllll\l\!}ﬂl

“”t!a“ i \\Hl\ll\l\l\ll\l\\l\l\l\\l\\l\lllI\HIHHHUHL‘\‘H\H}L:.i"-
r— ‘ cm' 1 2 3

Cat. No. 09-016 N v
\ Cat. No. 09-016

. ‘v{e‘v' j:\/ P 5 T 2
\\\H\H‘.;'il"H\\H\G\HH\H\H:

ray B X
eI U P L L s i
[ ¢ |~ LR 1 \\m\\”‘,\‘”‘\””2\””\””3\”"\‘”l

cat. No. 09-016 5 ‘
. Cat. Not 09-016

iy — : : : i

Gt No, 09016 J .:;(v} \\é“\“l“.\\\|\H|L\||||\\l\\L\HHHHHH||\||lé\' I
! ! /

e : Cat. No. 09-016

Figure S1A



https://doi.org/10.1101/2024.07.30.605845

G

ke LI
mwrnunll|lnl|lul[mwm|||[1|||||. [
UG

Cat. No. 09-016

9 T
B Fmes s M

w

(‘s’?gé'ldlﬂll'!llllI|_|H!|IIII[IIl!ll'lll||HHI|I|||||l|l|l|||lll|l|l|| & | ,
‘ ‘||gmlﬂ|||||!||||||Ul£|||||||||:|,|||||||||4|||||||mf}m:gllWm, I|C|“IAI|II|!||III|IIIlllII|[IIIL|IIII|III1|III||||IHIIll|llll‘lylllrr)%~i=w1‘,"/!

f\
) % Cat. No. 09-016
- at. No. 09-016 ‘ g Cat..No. 09-016

: l\l\H\N\l\lill\llll\\\ll\|H|\\H\\\HHHI\\\HHH|l\ll~|£@!?_§i_,
cm' 1 2 3o ‘ : _

Figure S1B

09-01§ —


https://doi.org/10.1101/2024.07.30.605845

H&E-1

5.000 mm

5.000 mm

5.000 mm

5.000 mm

5.000 mm

IF-4

5.000 mm

5.000 mm

5.000 mm

IF-5

5.000 mm

5.000 mm

IF-6

Figure S2A


https://doi.org/10.1101/2024.07.30.605845

5.000 mm

5.000 mm " 5.000 mm

H&E-4

5.000 mm

5.000 mm

H&E-6

5.000 mm 5.000 mm

5.000 mm

IF-5

Figure S2B


https://doi.org/10.1101/2024.07.30.605845

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.30.605845; this version posted July 30, 2024. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Table 1. Histology: 30 Days chronic toxicity study in mice.

Organ Vehicle FKK6 0.5 mM FKK6 1 mM
g n=6 n=6 n=6
Heart — -
Mild focal
Coronary _ _ cartilaginous and
Arteries/Aortic Root osseous metaplasia
(n=1)
Minimal/mild

perivascular

Rare/mild perivascular
lymphohistiocytic

Mild perivascular
lymphohistiocytic

Liver lymphohistiolytic
aggregates aggregates
aggregates (n=6) (n=6)
(n=6)
Minimal
Minimal proteinosis lymphoplasmacytic
(n=1) infiltrates (minimal)
Kidney Minimal medullary - (n=1)
tubular mineralization Minimal
(n=1) periglomerular fibrosis
(n=1)
Perivascular/
Perivascular/ peribronchiolar Perivascular/
peribronchiolar lymphocytic peribronchiolar
Lung lymphocytic aggregates (n=1) lymphocytic
aggregates (n=2) Small aggregate of aggregates (n=1)
intra-septal histiocytes
and neutrophils (n=1)
Stomach - — —

Small Intestine

Mild lymphoid
hyperplasia
(n=2)

Mild lymphoid
hyperplasia
(n=1)

Mild lymphoid
hyperplasia
(n=1)

Large Intestine

Non-specificimmune

Non-specificimmune

Non-specificimmune

aggregates aggregates aggregates
Cecum (n=1) (n=4) (n=4)
Colon - - -
Mild lymphoid
hyperplasia
Mild lymphoid (n=3) Mild lymphoid
Spleen hyperplasia Mild/moderate hyperplasia
(n=2) amount of dark brown (n=3)

granular pigment
(hemosiderin) (n=2)

Bone Marrow
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