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Studies increasingly show that ulcerative colitis (UC) is a consequence of an imbalance between oxidative stress and antioxidant capacity. Bilirubin exerts an anti-inflammatory effect by scavenging reactive oxygen species (ROS), although the exact mechanism is not completely understood. The aim of this study was to determine the role of serum bilirubin in UC using patient data and a mouse model of dextran sodium sulfate (DSS)-induced colitis. We found that low levels of serum bilirubin correlated to a higher risk of UC in a retrospective case-control population. Pre-treatment with exogenous unconjugated bilirubin (UCB) significantly enhanced colonic bilirubin absorption in mice, and attenuated the DSS-induced body weight loss, colon shortening and histopathological damage. Mechanistically, bilirubin prevented the infiltration of inflammatory cells, and decreased the levels of myeloperoxidase and pro-inflammatory cytokines in the serum and colon. Moreover, bilirubin inhibited ROS and malondialdehyde production, scavenged superoxide anions (O2·−) from the colon and enhanced the total antioxidant capacity. In conclusion, exogenous UCB attenuated DSS-induced colitis by directly scavenging O2·− and enhancing bilirubin reabsorption in the colon via enterohepatic cycling.
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INTRODUCTION
Ulcerative colitis (UC) is an idiopathic chronic inflammatory bowel disease primarily involving the colonic mucosa and submucosa (Ungaro et al., 2017). Multiple pro-inflammatory mediators including reactive oxygen species (ROS), cytokines and neutrophils have been implicated in the pathogenesis of UC (Sands, 2015). Studies increasingly show that oxidative stress through reactive oxygen metabolites (ROMs) is the fundamental mechanism of intestinal tissue damage (Simmonds et al., 1992; Barbosa et al., 2003; Aviello and Knaus, 2017). ROS or free radicals are a byproduct of mitochondrial oxidative phosphorylation, and are quenched by the antioxidant system defense under physiological conditions. However, the antioxidant enzymes are usually impaired in pathological conditions (Pisoschi and Pop, 2015), resulting in excessive production of ROS that correlates with the pathogenesis and development of inflammatory diseases. Studies show that activated neutrophils in the intestinal mucosa produce high levels of ROS, which can induce oxidative stress (Naito et al., 2007a; Naito et al., 2007b). The predominant intracellular ROS are superoxide anions (O2·−) that are generated by the reduction of oxygen. Massive infiltration and activation of neutrophils to injured tissues significantly increase the in situ O 2.- levels, leading to the formation of other ROMs such as hydrogen peroxide (H2O2), hydroxyl radicals (OH−) and hypochlorous acid (HOCl) (Bergamini et al., 2004; Murphy, 2009). The acute oxidative damage in the colonic mucosa triggers an inflammatory response, and the resulting tissue damage further exacerbates ROS and ROMs production, eventually forming a positive feedback loop that renders the antioxidant defense ineffective (Roessner et al., 2008). Elevated levels of oxidized proteins have been observed in the ulcerative colonic mucosa, and the drugs used to treat UC are effective ROM scavengers. This strongly suggests that ROS play a crucial role in the pathophysiology of UC (Reifen et al., 2004; Xu et al., 2004), and scavenging excess ROS is critical for mitigating intestinal inflammation.
Unconjugated bilirubin (UCB) is an antioxidant tetrapyrrole derived from the catabolism of heme (Salomone et al., 2013). The unreduced UCB in the gut lumen is partly absorbed by the enterocytes and transported to the liver via the portal venous blood. This enterohepatic circulation of UCB contributes to bilirubin homeostasis and maintains normal levels of UCB in the plasma (Hamoud et al., 2018). UC patients with jaundice exhibit milder symptoms compared to those with normal bilirubin levels (Papatheodoridis et al., 1998). Likewise, patients with Gilbert syndrome who have elevated UCB levels due to defective UDP glucuronosyl transferase 1 (UGT1A1) activity are less likely to suffer from UC, further supporting the protective effect of UCB against intestinal inflammation (de Vries et al., 2012; Lenicek et al., 2014). Although the role of serum bilirubin in UC patients has been evaluated, the mechanisms underlying the pathological association are not completely understood. There is evidence indicating that exogenous bilirubin mitigates gut inflammation in an animal model of inflammatory bowel disease (IBD) (Zucker et al., 2015; Longhi et al., 2017). However, little is known regarding the potential antioxidant effects of bilirubin against colitis. The aim of this study was to evaluate the effect of intestinal UCB absorption on colonic inflammation and oxidative stress in a dextran sodium sulfate (DSS)-induced mouse model of colitis.
MATERIALS AND METHODS
Reagents
Unconjugated bilirubin (bilirubin IXα) was obtained from Sigma-Aldrich (St. Louis, MO, United States), and the stock solution was freshly prepared in 0.1 M potassium phosphate (pH 12) as previously described (Huang et al., 2017). DSS (36–50 kDa) was obtained from MP Biomedical (Solon, OH, United States).
Patients and Controls
Eighty-nine UC patients that were evaluated at the Department of Gastroenterology and Gastrointestinal Surgery, Guangzhou First People’s Hospital, between January 2017 and December 2019 were recruited. UC was diagnosed in accordance with the guidelines of the European Crohn’s and Colitis Organization (ECCO). Patients with Gilbert syndrome and primary sclerosing cholangitis, or any other autoimmune disease that might influence serum total bilirubin (sTB) levels, were excluded from the study. Healthy subjects who visited the hospital for routine physical examination during the same period were included in the control group. The clinical and laboratory data were retrieved from the medical record systems, and sTB levels were measured by standard methods. The study was approved by the Institutional Review Board and Ethics Committee, and all participants signed the informed consent form.
2.3 Mouse Model of DSS-Induced Colitis
Male C57BL/6 mice aged 8–12 weeks (weight approximately 25 g) were purchased from the Guangdong Laboratory Animal Monitoring Institute, and housed under 12 h light/dark cycles with ad libitum access to food and water. Colitis was induced in the adult mice by administering 3% DSS (w/v) in the drinking water. The control group received filtered water without DSS. Twenty-four hours before commencing DSS treatment, the animals were given daily intraperitoneal (ip) injections of bilirubin (30 mg/kg) or an equivalent volume of the potassium phosphate for indicated days. All animal experiments were approved by the Institutional Animal Care and Use Committee of South China University of Technology.
Assessment of Disease Activity
The mice were weighed and examined for signs of colitis on a daily basis. The disease activity index (DAI) was graded as follows: a) Body weight loss: 0—none, 1—1–5%, 2—5–10%, 3—10–15%, 4—>15%; b) stool consistency: 0—normal, 2—loose stools, 4—diarrhea; c) blood in stool: 0—negative, 2—positive, 4—gross rectal bleeding. The mean scores were calculated and recorded as the DAI. After the 7-day treatment, the animals were euthanized by CO2 inhalation, and blood was immediately drawn by cardiac puncture. The small and large intestines were resected, and the colon length was measured.
Histological Examination
Longitudinal sections of proximal and distal colon were fixed in 4% paraformaldehyde and stained with hematoxylin and eosin as per standard protocols. The specimens were analyzed independently by three investigators blinded to the grouping. At least 10 low-power non-overlapping fields were examined per section, and histologically scored on the basis of the following parameters: a) severity of inflammation: 0—no inflammation. 1—mild, 2—moderate and 3—severe; b) depth of inflammatory involvement: 0 - no inflammation, 1—mucosa, 2—mucosa and submucosa, and 3—transmural; c) crypt damage: 0—intact crypts, 1—loss of the basal one third, 2—loss of the basal two thirds, 3—entire crypt loss but intact epithelial surface, and 4—entire crypt loss and erosion of epithelial surface. The scores of all three parameters were added, and the maximum score was 40.
Enzyme-Linked Immunosorbent Assay
The colon pieces were homogenized in lysis buffer, and then centrifuged at 12,000 × g at 4°C for 30 min. The protein content in the supernatant was determined using bicinchoninic acid (BCA)™ protein assay kit (Thermo, MA, United States). IL-1β, IL-6, TNF-α, IFN-γ and MPO levels were measured by ELISA using specific kits (Abcom; Cambridge, United States) as per the manufacturer’s instructions, and expressed as pg/mg or U/g (MPO).
Measurement of Malondialdehyde
Colonic tissues were homogenized in ice-cold lysis buffer, and then centrifuged at 12,000 × g at 4°C for 30 min. Levels of malondialdehyde (MDA) in colon tissues were measured by the kits according to the manufacturer’s instructions from Beyotime Institute of Biotechnology (Haimen, China). The total protein content was determined by a BCA™ protein kit (Thermo, MA, United States).
Measurement of Reactive Oxygen Species Levels
ROS levels were measured using the fluorescent 2, 7-dichlorofluorescein-diacetate probe (DCFH-DA, Beyotime Institute of Biotechnology, China). The colon specimens were homogenized with PBS into a single-cell suspension. The cells were harvested and incubated with DCFH-DA for 30 min at 37°C in the dark. The samples were acquired by flow cytometry, and the fluorescence intensity was measured.
Measurement of Total Antioxidant Capacity
Colonic tissues were homogenized in cold PBS. The antioxidant activity in the supernatant was evaluated using a specific kit from Beyotime Institute of Biotechnology (Haimen, China) according to the manufacturer’s instructions.
Dihydroethidium Staining for Superoxide Anions
The frozen colon tissues were embedded in OCT and cut into 8 μm sections. After staining with 30 μM DHE (Invitrogen Molecular Probes) for 10 min at 37°C, the sections were counterstained with Vectashield containing DAPI (Vector Laboratories, Inc.). The slides were observed with a Zeiss 510 upright confocal microscope, and the fluorescence intensity of at least 100 nuclei per sample was scored in at least three mice.
HPLC/Electrospray Ionization Tandem Mass Spectrometry
The bilirubin levels in serum and colon homogenates were measured by ion-pair extraction using 0.1 mol/L methanolic di-n-octylamine acetate. Briefly, the supernatants were injected into the liquid chromatography mass spectrometer (LC-MS/MS) system was equipped with an Agilent 1200 liquid chromatograph and a 6410B triple quadrupole mass spectrometer with an ESI source. Data were analyzed using the MassHunter software (Agilent Corporation, Lexington, MA, United States). Chromatography was performed on a Poroshell 120 EC-C18 2.1 μm 30 × 50 mm column (Agilent).
Measurement of Superoxide Anions
Colonic tissues were collected immediately and homogenized in ice-cold PBS, and centrifugation at 12,000 × g at 4°C for 30 min and kept at −80°C until they were assayed. Superoxide anion (O2·−) production was detected using a LumiMax Superoxide Anion Detection kit (Agilent Technologies, La Jolla, CA, United States) according to the manufacturer’s protocol. Briefly, 50 μg colon proteins were suspended in 100 μl assay medium and then mixed with 100 μl detection reagent containing 0.2 mM luminol and 0.25 mM enhancer. The luminescence was measured using a luminometer, and the O2·− content was expressed as relative light units (RLU)/μg protein/min. The total protein content was determined by a BCA™ protein kit (Thermo, MA, United States).
Immunohistochemistry
The colon tissues were fixed in 4% paraformaldehyde, embedded in paraffin and sectioned as previously described (Lu et al., 2011). The sections were immunostained using MaxVision kit (Maixin Biol, Fuzhou, Fujian, China) according to the manufacturer’s instructions. The primary bilirubin was diluted 1:100 in blocking solution. Color was developed using 0.05% diaminobenzidine and 0.03% H2O2 in 50 mM Tris–HCl (pH 7.6), and the sections were counterstained with hematoxylin. Pre-immune rabbit serum was used as the negative control. The anti-bilirubin antibody was purchased from LifeSpan BioSciences (Seattle, WA, United States).
Statistical Analyses
All statistical analyses were performed using GraphPad Prism 5 (GraphPad Software, United States) and SPSS version 21.0 (IBM SPSS Statistics, United States). For the clinical study, non-normally distributed variables are expressed as median (interquartile range) and categorical variables as absolute numbers. For the animal study, the data are presented as mean ± standard error of the mean (SEM). Differences between groups were determined using one-way analysis of variance followed by Tamhane’s multiple comparisons post-hoc tests using SPSS. p < 0.05 was considered statistically significant.
RESULTS
Total Serum Bilirubin Levels Are Reduced In Inflammatory Bowel Disease Patients
A total of 89 UC patients (average age - 43.37 years, male/female ratio - 48/) and 95 healthy controls (average age - 38.76 years, male/female ratio - 50/39) were included in this study. The electronic medical records of the case and control populations were screened for total serum bilirubin levels. As shown in Table 1, the UC patients had significantly lower median serum bilirubin levels compared to the controls (9.8 vs. 12.5 μM, p < 0.0001). When stratified by age and sex, the reduction in serum bilirubin levels was more pronounced in males compared to females, and in the middle-aged patients (30–50 years old).
TABLE 1 | Total serum bilirubin levels are reduced in IBD patients.
[image: Table 1]Exogenous Unconjugated Bilirubin Mitigates the Symptoms of Dextran Sodium Sulfate-Induced Colitis
Given the reduced bilirubin levels in UC patients, we assessed the potential therapeutic effects of exogenous UCB in a mouse model of DSS-induced colitis. The animals received UCB for 24 h prior to colitis induction (Figure 1A). As shown in Figures 1B–D, DSS increased DAI, and reduced the colon length and body weight. In contrast, pre-treatment with UCB improved the DAI, and restored colon length and body weight compared to the vehicle-treated DSS mice. Consistent with the clinical findings, UCB also reduced the infiltration of inflammatory cells in the colon mucosa, and alleviated the mucosal/epithelial damage as per the histological scores (Figure 1E), although the effect was less pronounced in the distal compared to the proximal colon (Figure 1F). In addition, UCB had no impact on any of the above parameters in healthy mice. Taken together, UCB alleviated DSS-induced inflammation and tissue damage.
[image: Figure 1]FIGURE 1 | Effect of bilirubin on DSS-induced colitis. (A) Experimental design. (B) Disease activity index scores (DAI) in the indicated mice. Data are expressed as mean ± SEM (n = 6); **p < 0.01. (C) Macroscopic appearance (top) and the length of colons (bottom) in the indicated groups. Data are expressed as mean ± SEM (n = 6); **p < 0.01. (D) Body weight of mice during the experiment duration. Data were normalized as percentage of basal body weight. *p < 0.05 vs. the colitis group. (E) Representative images of HE-stained colon tissue sections in the indicated groups. Bar = 100 μm. (F) Mean histological scores of distal (left) and proximal (right) colon in the indicated groups. Data are expressed as mean ± SEM (n = 6); *p < 0.05 and **p < 0.01.
Unconjugated Bilirubin Reduced Colonic Inflammation in the Dextran Sodium Sulfate-Treated Mice
The severity of acute colitis often correlates with increased levels of pro-inflammatory cytokines. The mice pre-treated with UCB had significantly lower levels of TNF-α, IL-6, INF-γ and IL-1β in the serum as well as colonic tissues compared to the PBS-treated group (Figures 2A,B). In addition, the colonic myeloperoxidase (MPO) activity, a measure of neutrophil infiltration, was considerably increased in the untreated model group and decreased markedly in the mice pre-treated with UCB (Figure 2C). Finally, high levels of MDA were detected in the colon of untreated mice with colitis (Figure 2D), indicating significant oxidative injury. Pre-treatment with UCB reduced the MDA content to near baseline levels. Taken together, UCB has a potent anti-inflammatory effect in colitis.
[image: Figure 2]FIGURE 2 | UCB alleviates inflammation in the colon of DSS-treated mice. (A) Serum levels of TNF-α, IL-6 and IL-1β in the indicated groups. Data are expressed as mean ± SEM (n = 6). *p < 0.05 and **p < 0.01 vs. the colitis group. #p < 0.05 and ##p < 0.01 vs. the vehicle group. (B) TNF-α, IL-6 and IFN-γ levels in the colonic homogenates from the indicated groups. Data are expressed as mean ± SEM (n = 6). *p < 0.05 and **p < 0.01 vs. the colitis group. ##p < 0.01 vs. the vehicle group. (C, D) Colonic MPO activity and MDA levels in the indicated groups. Data are expressed as mean ± SEM (n = 6); **p < 0.01.
Exogenous Unconjugated Bilirubin Increased Bilirubin Levels in the Plasma and Colon of Dextran Sodium Sulfate-Treated Mice
The gut-liver reabsorption of UCB is essential for normal gut function, and is a potential factor in the development of intestinal diseases. UCB is the β-glucuronidase hydrolysis product of bilirubin glucuronides, and can be absorbed passively from both the large and small intestines. In the human digestive system, the cecum and proximal colon are more acidic compared to the other parts of the intestinal bowel, and therefore more favorable sites for the absorption of diacidic UCB. To determine whether reabsorption of UCB plays a role in DSS-induced colitis, we assessed its localization in situ. Bilirubin was mainly localized in the proximal colon tissues of mice pre-treated with UCB, with considerable enrichment in the intestinal epithelial cells (Figure 3A). UCB levels were also measured using LC-MS/MS, which showed that mice pre-treated with UCB had respectively 2-fold and 1.5-fold higher UCB in their proximal colon tissues and serum compared to the vehicle-treated controls (Figures 3B,C). Taken together, UCB supplementation increased its reabsorption from the colonic contents.
[image: Figure 3]FIGURE 3 | UCB increased plasma and proximal colonic bilirubin levels in the DSS-treated mice. (A) Representative images of proximal colon tissues immune-stained for bilirubin in the indicated groups. Bar = 100 μm. (B, C) UCB levels in the plasma (B) and cecal/proximal colon homogenates (C) as measured by LC-MS/MS. Data are expressed as percentage of controls (vehicle). Each bar represents the mean ± SEM (n = 6); *p < 0.05 vs. the vehicle group.
Unconjugated Bilirubin Alleviated Oxidative Stress in the Inflamed Colon of Dextran Sodium Sulfate-Treated Mice
Overproduction of ROS is involved in the progression and pathogenesis of various acute and chronic inflammatory diseases. There is evidence suggesting that bilirubin has antioxidant activity, especially against O2·−. Therefore, we also evaluated ROS levels in colon tissues using the fluorescent DCFH-DA probe. UCB administration decreased ROS generation in the colon tissues of DSS-treated mice (Figure 4A). In addition, UCB also restored TAC levels that was markedly reduced in the DSS-treated mice to baseline (Figure 4B). The O2·− level in colon tissues was next measured by DHE staining, which revealed increased O2·− generation in the vehicle group which declined upon UCB pre-treatment (Figure 4C). Likewise, the specific detection kit also indicated a significant accumulation of O2·− in the colitis model, which was markedly reduced by UCB pre-treatment (Figure 4D). To summarize, exogenous UCB alleviated oxidative stress in the colitis model by directly scavenging O2·− from the inflamed colon tissues.
[image: Figure 4]FIGURE 4 | UCB reduced colonic oxidative stress in mice with DSS-induced colitis. (A) Relative ROS levels (A) and (B) total antioxidant capacity (TAC) in the indicated groups. Data are expressed as percentage of controls (vehicle). Each bar represents the mean ± SEM (n = 6); *p < 0.05 and **p < 0.01. (C) Representative images of DHE-stained colon tissues from the indicated groups. Bar = 100 μm. (D) Superoxide anion (O2·−) levels in the indicated groups. Data are expressed as mean ± SEM (n = 6). **p < 0.01.
DISCUSSION
Multiple clinical studies have reported that bilirubin levels correlate negatively with the risk of IBD (Lenicek et al., 2014; Tian et al., 2018; Zhao et al., 2019). Consistent with this, we detected significantly lower serum levels of total bilirubin in UC patients compared to healthy individuals. This suggested that UC patients may have abnormal bilirubin metabolism, resulting in reduce total serum bilirubin. To explore the potential therapeutic effect of UCB on gut inflammation, we established the DSS-induced colitis model that closely mimics human IBD (Chassaing et al., 2014). Exogenous UCB attenuated the acute intestinal injury, weight loss and colon shortening induced by DSS administration. Mechanistically, UCB prevented DSS-induced inflammation by decreasing neutrophil infiltration into the colon tissues, and the in situ production of pro-inflammatory cytokines such as IL-1β, IL-6, IFN-γ and TNF-α. Consistent with this, UCB treatment also decreased the activity of myeloperoxidase (MPO), which is released by the neutrophils during an inflammatory response (Masoodi et al., 2012).
Experimental and clinical evidence indicate that ROS overproduction plays an important role in the development and progression of IBD, and the mucosal ROS levels are 10-100 fold higher in IBD patients compared to healthy controls (Sedghi et al., 1993; Zhu and Li, 2012). In the DSS colitis model as well, the colon tissues showed accumulation of the lipid peroxidation product MDA (Gueraud et al., 2010), along with a distinct reduction in the total antioxidant capacity (TAC) that reflects the sum of all endogenous and exogenous antioxidants (Serafini and Del Rio, 2004). UCB pre-treatment restored the colonic TAC to nearly normal control levels, indicating that its protective effects on DSS-induced colitis are mediated via reduction of oxidative stress. Bilirubin inhibits NADPH oxidase, which is the primary source of O2·− that causes oxidative damage and inflammation in the intestinal mucosa (Lanone et al., 2005). Therefore, lower levels of bilirubin in UC patients may increase systemic and localized oxidative stress (Koutroubakis et al., 2004). A recent study also showed that bilirubin protected neuronal cells against free radical damage by scavenging O2·− (Vasavda et al., 2019). Consistent with this, we found that UCB directly scavenged O2·− from the inflamed colons of DSS-treated mice.
Although exogenous bilirubin mitigated inflammation in an animal model of IBD via systemic antioxidant action, little is known regarding its effects on local lesions. Therefore, we also evaluated whether intestinal reabsorption of UCB enhanced the local accumulation of bilirubin in the DSS-induced colitis model by immunostaining and LC-MS/MS analysis. An apparent increase in UCB was observed in the epithelial cells of the proximal colon tissues in mice treated with UCB, suggesting that bilirubin can be absorbed from colonic contents. Since the intraluminal pH of the proximal colon is mildly acidic as opposed to the highly acidic stomach and neutral distal colon, it is the favored site for absorption of diacidic UCB (Brink et al., 1996; Evans et al., 1988). Accordingly, we found that the protective effect of bilirubin was more pronounced in the proximal colon compared to the distal colon, which is also consistent with another study on the DSS-induced colitis mice (Zucker et al., 2015). Taken together, we hypothesize that bilirubin is a physiological antioxidant that acts locally at the primary site of colitis, and exogenous UCB enhances its reabsorption in the proximal colon.
The enterohepatic cycling of bilirubin is a common occurrence in newborns, and can reappear in adult life. It occurs exclusively with the unconjugated form (Berk, 1994) since the enterocytes prevent passive transport of conjugated bilirubin on account of its bulky size and polarity. The bacterial β-glucuronidase hydrolyzes conjugated bilirubin glucuronide to facilitate its reabsorption in the distal small bowel and colon (Tiribelli and Ostrow, 2005). We found that exogenous UCB supplementation increased its systemic levels, which may promote enterohepatic reabsorption of bilirubin. Wang et al. reported that the total bilirubin concentration in rat serum peaked to 4-fold higher levels than the baseline within 60 min of a single intraperitoneal injection of bilirubin at the same dose used in our experiment (Wang et al., 2004). A recent study showed that bacterial β-glucuronidase inhibited DSS-induced colitis in mice (He et al., 2019), which correlates with another study showing that administering β-glucuronidase from extraintestinal sources increased bilirubin deconjugation in the intestine (Vitek and Carey, 2003). The β-glucuronidases in the human intestinal tract are produced by the resident bacterial flora, especially Enterobacteriaceae, Ruminococcaceae and Clostridiaceae (Dabek et al., 2008). Interestingly, these bacteria have also been implicated as potential drivers of IBD pathogenesis (Kostic et al., 2014; Png et al., 2010). Changes in the β-glucuronidase-producing bacteria may alter bilirubin metabolism, resulting in enhanced reabsorption. Therefore, the relationship between bilirubin homeostasis and IBD-associated dysbiosis requires further investigation.
To summarize, exogenous UCB alleviated DSS-induced colitis by directly scavenging O2·− and enhancing enterohepatic cycling and passive colonic reabsorption of bilirubin. However, the clinical application of UCB is limited due to its insolubility in water and potential toxicity in various tissues. Nanoparticle carriers can increase the solubility of bilirubin and minimize tissue toxicity through targeted delivery. Bilirubin-nanomedicine has shown encouraging results in murine modeling colitis, and will be our next focus.
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