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Abstract

Diabetes mellitus (DM) is one of the most common complications in patients with
ulcerative colitis (UC). Curcumin has a wide range of bioactive and pharmacological
properties and is commonly used as an adjunct to the treatment of UC and DM.
However, the role of curcumin in UC complicated by DM has not been elucidated.
Therefore, this study was conducted to construct a model of UC complicating diabe-
tes by inducing UC in DB mice (spontaneously diabetic) with dextran sodium sulfate.
In this study, curcumin (100 mg/kg/day) significantly improved the symptoms of dia-
betes complicated by UC, with a lower insulin level, heavier weight, longer and lighter
colons, fewer mucosal ulcers and less inflammatory cell infiltration. Moreover, com-
pared to untreated DB mice with colitis, curcumin-treated mice showed weaker Th17
responses and stronger Treg responses. In addition, curcumin regulated the diversity
and relative abundance of intestinal microbiota in mice with UC complicated by DM
at the phylum, class, order, family and genus levels. Collectively, curcumin effectively
alleviated colitis in mice with type 2 diabetes mellitus by restoring the homeostasis of

Th17/Treg and improving the composition of the intestinal microbiota

Abbreviations: AUG, the area under the blood glucose curve; CCR6, CC chemokine receptor 6; CD, Crohn's disease; CMC, carboxymethylcellulose; Cur, curcumin; DAI, disease activity index; DB,
C57BLKS/J(—/-) mice; DM, diabetes mellitus; DSS, dextran sodium sulfate; ELISA, enzyme-linked immunosorbent assay; IBD, inflammatory bowel disease; NMDS, non-metric multidimensional
scaling; IPGTT, intraperitoneal glucose tolerance test; OTU, operational taxonomic unit; PCoA, principal co-ordinates analysis; PFA, paraformaldehyde; PLS-DA, partial least squares discriminant
analysis; RCTs, randomized controlled trials; RIPA, radio immunoprecipitation assay; T2DM, type 2 diabetes mellitus; Th17, T helper cell 17; Treg, regulatory T cells; UC, ulcerative colitis.
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1 | INTRODUCTION

Inflammatory bowel disease (IBD) is a chronic inflammatory disease
that includes Crohn's disease (CD) and ulcerative colitis (UC) (Caruso,
Lo, & Nunez, 2020). CD affects the entire intestinal wall, while UC
invades only the intestinal mucosa (Pittayanon et al., 2020). Diabetes
mellitus (DM), usually classified as type 1 and type 2 diabetes mellitus
(T2DM), is a chronic, relapsing metabolic disorder disease (Antonioli,
Blandizzi, Csoka, Pacher, & Hasko, 2015; Yong, Johnson, Arvan,
Han, & Kaufman, 2021). As healthcare grows and the number of
patients with chronic diseases increases, there is the inevitable chal-
lenge of managing patients with multiple co-morbidities (Tsai
et al., 2015). DM is one of the most common co-morbidities in people
with UC (Maconi et al, 2014). It was reported that 5% of 2,810
patients with IBD had co-morbid diabetes (Din et al., 2020) and that
DM can also affect IBD outcomes and prognosis (Uwagbale
et al., 2021). Meta-analysis found that patients with CD or UC from
specific regions may have a higher risk of TIDM than those without
IBD, and a cohort study from Denmark showed an increased risk of
T2DM in patients with IBD (incidence ratio 1.54; 95% confidence
1.49-1.60) (Jess,

Allin, 2020). These results are consistent with another cohort study

interval Jensen, Andersson, Villumsen, &
from Korea, which found a similar association between IBD and DM
(hazard ratio, 1.135; 95% confidence interval, 1.048-1.228) (Lai,
Kuo, & Liao, 2020).

Moreover, DM and UC interfere with each other in the course of
their treatment, which in turn affects the prognosis. Diabetes and
hyperglycemia increase the risk of post-operative complications and
bowel pouch failure in UC. Dipeptidyl peptidase 4 inhibitors are the
main drugs used in the clinical treatment of T2DM (Radel, Pender, &
Shah, 2019), however, they can exacerbate the immune response
thereby increasing the risk of IBD. Medical treatment of UC in dia-
betic patients is also particularly challenging (Din et al., 2020). Cortico-
steroids are the treatment of choice for active UC and the prolonged
use of glucocorticoids in the treatment of UC can induce hyperglyce-
mia and even diabetes (Curkovic, Egbring, & Kullak-Ublick, 2013).
Induction of hyperglycemia should be avoided during UC therapy,
while the risk of UC should be considered during diabetes therapy.
Therefore, the development of safe and effective treatments for dia-
betes co-morbidity in UC is need.

Curcumin (Cur), diarylmethane, is the main polyphenol of the rhi-
zome of C. longa and is a common herbal ingredient in many Asian
dishes (Kotha & Luthria, 2019). In vitro and in vivo studies have
reported a wide range of biopharmacological effects of Cur, including
antioxidant, cardioprotective, anti-inflammatory, anti-microbial, ren-
oprotective, anti-tumor, hepatoprotective, immunomodulatory, hyp-
oglycaemic and anti-rheumatic effects (Burge, Gunasekaran,
Eckert, & Chaaban, 2019; Patel et al., 2020). Previous studies

revealed that Cur has the ability to inhibit inflammatory cell prolifer-
ation (Vecchi et al., 2014), invasion and angiogenesis and to mediate
its anti-inflammatory effects by down-regulating inflammatory tran-
scription factors, cytokines, redox status, protein kinases and
enzymes (Shehzad, Rehman, & Lee, 2013; Sreedhar, Arumugam,
Thandavarayan, Karuppagounder, & Watanabe, 2016). There is some
evidence that supplements containing curcumin can inhibit the
inflammatory response and analgesic effects in patients with IBD
(Canistro et al., 2021; Razavi, Ghasemzadeh, & Hosseinzadeh, 2021).
Mesalazine is a commonly used drug for the treatment of UC, and
Cur supplementation is clinically safe and effective in relieving the
development of colitis and preventing recurrence (Lang et al., 2015).
In addition, a number of randomized controlled trials (RCTs) have
shown that Cur improves blood glucose and reduces insulin resis-
tance in subjects with pre-diabetes or T2DM (Asadi et al., 2019).
Notably, DM is one of the most common complications in patients
with UC (Maconi et al., 2014). However, the role of Cur in UC com-
plicated by DM has not been elucidated.

The balance between regulatory T cells (Treg) and helper T cell
17 (Th17) plays an important role in the adaptive immune response
(Zhang et al., 2021c), antagonizing each other, and a breakdown in the
balance between the two can lead to immune disease, including UC
(Yan, Luo, Chen, & He, 2020) and T2DM (Zhang et al., 2014). In recent
years, targeted modulation of Th17/Treg cell homeostasis has been
an important strategy for the treatment or prevention of UC. Our pre-
vious study also demonstrated that Cur effectively alleviated DSS-
induced colitis by restoring Th17/Treg balance (Zhong et al., 2021).
Recent evidence supports a clear role for Th17/Treg imbalance in the
etiology of T2DM (Tao, Liu, & Gong, 2019), with patients exhibiting
increased activation and proportion of Th1l7 and a significantly
reduced proportion of Treg cells (Wang et al., 2018).

The gut microbiota consists of a large number of cells that are
known as the body's second gene pool and form a complex symbiotic
relationship with the host (Zhou et al, 2020). The intestinal
microbiota plays a key role in maintaining healthy host homeostasis,
and imbalances in its composition often involve in immune and
metabolic disorders, such as colitis (Glassner, Abraham, &
Quigley, 2020) and T2DM (Zhang et al., 2021a). Decreased diversity
and imbalanced composition in the gut microbiota are typical of
patients with CD and UC (Alam et al., 2020), the relative abundance
of the beneficial bacteria Candidatus_Saccharimonas (Ge et al., 2021)
and Eubacterium_xylanophilum_group were significantly reduced.
Recent studies have shown that dysbiosis of the intestinal micro-
biota is also involved in the pathogenesis of T2DM. Disruptions in
the relative proportions of gut microbial populations may contribute to
insulin resistance, including alterations in Gammaproteobacteria and
Verrucomicrobia, increased ratios of Firmicutes to Bacteroidetes, possi-

ble alterations in butyrate-producing bacteria such as Faecalibacterium
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prausnitzii in DM (Barlow, Yu, & Mathur, 2015). Based on some clinical
and preclinical evidence, improving the composition of the host intesti-
nal microbiota is being considered as a potential new target for regu-
lating the homeostasis of the internal environment. Our previous study
demonstrated that Cur modulated the composition of the intestinal
microbiota in DSS-induced colitis mice (Zhong et al., 2021). Although
Cur exhibits protective effects in patients with UC and DM, the treat-
ment of UC complicated by DM has not been well studied. Therefore,
in this study, we investigated the protective effects of Cur against UC

with T2DM and its potential mechanisms of action

2 | MATERIALS AND METHODS

21 | Mice

Seven-week-old male C57BLKS/J(—/-) (DB) mice weighing 33-39 g
were purchased from GemPharmatch Co. Ltd. (Nanjing, China)
(Animal production license SCXK(Su) 2018-0008) and housed in spe-
cific pathogen-free conditions in Laboratory Animal Science and Tech-
nology Center at Jiangxi University of Traditional Chinese Medicine
(Animal use license SYXK(Gan)2017-0004). The protocol (Permit
Number: JZLLSC2020-334) was approved by the Jiangxi University of
Traditional Chinese Medicine Animal Care and Use Committee and
performed in accordance with the guidelines prescribed by the com-
mittee. All animals were acclimatized for 3 days before the experimen-

tal studies were performed.

22 | Drugs

Cur (batch NO. GR-133-140,421; purity 298% by high performance
liquid chromatography; Formula, C,1H»0O¢) (Figure S1) was obtained
from GANGRUN Biotechnology (Nanjing, China), and dextran sodium
sulfate (DSS) (batch NO. 160110; molecular weight: 36,000-
50,000 Da) was obtained from MP Biomedicals (Santa Ana, CA). We
asserted that the requirements considered relevant in recent best
practice guidelines for pharmacological studies of natural products

have been taken into account (Heinrich et al., 2020; 1zzo et al., 2020).

2.3 | Experimental colitis design

DB mice were acclimatized for 3 days and their blood glucose concen-

trations were measured twice. When the blood glucose concentration

<——— Adminstration of Curcumin (100mg/kg/day) —— 89 ——>

of the mice exceeded 16.7 mmol/L on both occasions (Liang
et al., 2018), they were considered diabetic for inclusion in subse-
quent experiments. In conjunction with our previous studies (Kang
et al., 2021) and with appropriate adjustments, DB mice were given
1.5% (w/v) DSS solution ad libitum to induce experimental colitis.
Detailed experimental treatments are shown in Figure 1. Fresh 1.5%
(w/v) DSS solutions were prepared every morning. The mice in the

Control and Con+Cur groups received normal drinking water.

2.4 | Therapeutic protocols

Before administration, Cur was dissolved in 1.5% (w/v) sodium car-
boxymethylcellulose (CMC) solution at a dose of 100 mg/kg (purity
>95% by HPLC) (Zhong et al., 2020; Zhong et al., 2021). Throughout
the experiment, mice in the DSS + Cur and Con+Cur groups were
orally administered with 100 mg/kg/day Cur and for 21 consecutive
days, and mice in the DSS and Control groups were treated with equal
volume of saline. On day 21, all mice were sacrificed under sodium
pentobarbital (20 mg/kg i.p.) anesthesia.

2.5 | Disease activity index (DAI)

The percentage of weight loss, changes in stool states including con-
sistency, and blood presence in the stool of mice were evaluated daily
and scored for each mouse over the experimental period. DAI
scores = weight loss rate score + faecal consistency score + blood in
stool score. DAI score was estimated using the following parameters:
rate of weight loss (no significant loss, O; loss of 1-5%, 1; loss of 6-
10%, 2; loss of 11-20%, 3; decline of more than 20%, 4), degree of
loose stools (normal stools, O; loose stools (dry), 2; loose stools or diar-
rhea (watery stools), 4) and degree of bleeding (no bleeding, O; posi-

tive fecal occult blood, 2; blood in stools, 3; anal bleeding, 4).

2.6 | Histological evaluation

According to the literature (Chen et al., 2021), 2 cm of proximal colon
was rapidly isolated in 4% paraformaldehyde (PFA) (Sorabio, Beijing,
China) overnight at 4°C, dehydrated in an alcohol gradient (from 50%
to 100%), xylene transparent, and paraffin embedded. The tissue was
then cut into 4 pm thick slices. After dehydration in xylene and rehy-
dration, sections were stained with hematoxylin (Sorabio, Beijing,
China), dehydrated in an alcohol gradient (50-95%), stained with

an

Dome | Adaptive |y 504 DSS ——>l€— drinking water —> 1.5% DSS
Blood glucose>16.7 3 feeding 7 14 21 Day
mmol/L N

FIGURE 1

Colitis induction and curcumin (Cur) administration. The experiment lasted for 24 days, including 3 days of adaptive feeding,

2 x 7 days of 1.5% DSS treatment in drinking water and 7 days of free drinking water. Animals were divided into four groups: Control (n = 10),
DSS (n = 14), DSS + Cur (100 mg/kg/day, n = 13) and Con+Cur (100 mg/kg/day, n = 10) groups. Cur was orally administered. Cur, Curcumin
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eosin (Sorabio, Beijing, China), dehydrated in 100% alcohol, cleared in
xylene and sealed in neutral resin. Samples were imaged by bio-

microscopy (Leica, Wetzlar, Germany).

2.7 | Intraperitoneal glucose tolerance test (IPGTT)
In order to evaluate insulin resistance, fasting blood glucose concen-
tration was measured in tail vein of mice after 12 hr fasting. Glucose
was injected intraperitoneally (1.0 g/kg), and the level of blood glu-
cose was measured at time points of 30, 60, 90 and 120 min, post
injection. The area under the blood glucose curve (AUG) was calcu-
lated based on the IPGTT results.

2.8 | Enzyme-linked immunosorbent assay (ELISA)
The concentrations of serum insulin were analyzed using a commercial
ELISA kit (Thermo Fisher Scientific, Waltham city, MA) according to
the manufacturer's protocol. To evaluate the Th17/Treg immune
response, Radio Immunoprecipitation Assay (RIPA) buffer (Cell Signal-
ing Technology, Danvers, MA) was used to lyse colon tissue and the
supernatant was extracted at 13000 rpm for 30 min at 4°C. The levels
of IL-17A and IL-10 were measured in mouse colon tissue using a
commercial ELISA kit (Thermo Fisher Scientific, Waltham city, MA).

29 | RNA and real-time PCR

The middle colon was taken in TRPIquick reagent and homogenized in
a tissue homogenizer. Total RNA was extracted, nucleic acid electro-
phoresis was performed to detect RNA quality, and reverse transcrip-
tion was performed to cDNA using TRUEscript first Strand cDNA
Synthesis kit (Aidlab Biotechnlologies Co., Ltd., Beijing, China)
according to the manufacturer's instructions. cDNA was normalized to
the same concentration. Diluted cDNAs were used for real-time PCR
with SYBR Green reagents (Mei5 Biotechnology, Co., Ltd., Beijing,
China) on a bioanalyzer (Roche LightCyler96, IN). The primer
sequences are shown in Table S1. f-actin was used as the housekeep-
ing gene and the expression level of the target gene was calculated
using the 2722 method.

210 | Flow cytometry

Rapidly open the abdominal cavity and isolate the mesenteric
lymph nodes on ice. Lymphocyte isolation solution (Cat No:
MLSM1092, Multi Sciences Biotech, Co.,Ltd., Hangzhou, China)
was used to isolate and prepare mononuclear cells from the mesen-
teric lymph nodes. Resuspend the precipitate in medium containing
10% fetal bovine serum to a concentration of 1 x 10”/ml. 250 pl of
the cell suspension is taken into a flow tube, followed by stimula-

tion with leukocytes activation cocktail (InvivoGen, 00-4975-93) at

37°C in 5% CO, for 4-6 hr. Then, the cells were fixed and perme-
abilized using a Cytofix/Cytoperm kit (BD Biosciences, Franklin
Lakes, NJ, USA), followed by incubation with primary antibodies for
40 min at 4°C in the dark. Finally, these stained cells were sub-
jected to FACSCanto Il flow cytometry (BD Biosciences, Franklin
Lakes, NJ). The following mAbs were used: BV510 rat anti-mouse
CD4 (1:200), PE-Cy7 rat anti-mouse Foxp3 (1:100), PE-Cy7 rat
anti-mouse |L-10 (1:100) and BV421 rat anti-mouse CCRé (1:100)
(BD Biosciences, Franklin Lakes, NJ). Limits of quadratic labelling
were set according to negative populations and isotype controls.
Data were analyzed using FlowJo software V10 (TreeStar, Ashland,
OR) to exclude inactive cells by gating.

211 | Colonic microbiota analysis

Colonic cecal of all mice were collected in cryopreservation tubes and
preserved at —80°C. The colonic microbiota analysis was conducted by
the Majorbio Bio-Pharm Technology (Shanghai, China). According to the
manufacturer's instructions, cecal DNA was extracted using the QlAamp
DNA Stool Mini Kit (Qiagen, Valencia, CA). The extracted DNA was used
as template to amplify the V3-V4 region of the bacterial 16S rRNA gene
with primers: 338F (5'-ACTCCTACGGGAGGCAGCAG-3') and 806R (5'-
GGACTACHVGGGTWTCTAAT-3'). The PCR reaction consisted of 4 pl
of 5 x FastPfu Buffer, 2 pl of 2.5 mM dNTPs, 0.8 pl of forward primer
(5 uM), 0.8 ul of reverse primer (5 uM), 0.4 pl of FastPfu Polymerase
(TransStart FastPfu DNA Polymerase, TransGen Biotech, Beijing, China),
and 10 ng of template DNA. The amplification was performed on an
Applied Biosystems PCR system (GeneAmp 9,700, ABI) as follows: 3 min
of denaturation at 95°C, 27 cycles of 30 s at 95°C, 30 s at 55°C and
45 s at 72°C, with a final elongation at 72°C for 10 min. PCR products
were purified using the AxyPrep DNA gel extraction kit (Axygen, Union
City). High-throughput sequencing was carried out on a MiSeq platform
(llumina, San Diego, CA, USA) according to the standard protocols by
Majorbio Bio-Pharm Technology. The quality control of raw sequence
reads, deposited in the NCBI Sequence Read Archive (SRA) database
(Accession Number: PRINA655607), was conducted by FASTQC on
FASTQ files. The operational taxonomic units (OTUs) were clustered
with 97% similarity cutoff using UPARSE (version 7.1). The taxonomy of
each 16S rRNA gene sequence was assigned by the Ribosomal Database
Project (RDP) Classifier algorithm (http://rdp.cme.msu.edu/) against the
SILVA (SSU123) 16S rRNA database using a confidence threshold of
70%. The sobs index and the Shannon index were calculated using
Mothur (version v.1.30.1) to evaluate alpha diversity. Principal coordi-
nates analysis (PCoA) was performed using Mothur, and statistical analy-
sis was performed based on the values of PC1. Linear discriminant
analysis (LDA) coupled with effect size (LEfSe) measurements (based on
non-parametric factorial Kruskal-Wallis sum-rank test and the Wilcoxon
rank-sum test) was used to identify taxa that were significantly different
(biomarkers) among groups, with p < 0.05 and an LDA score threshold of
4. Microbial difference analysis, correlation analysis, and co-occurrence
network analysis were performed using I-sanger (Majorbio Bio-Pharm

Technology Co. Ltd.; www.i-sanger.com).
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212 | Statistical analysis

All data were expressed as mean + standard error of the mean (SEM),
and GraphPad Prism software version 8.0 (GraphPad Software Inc., La
Jolla, CA, USA) was used for statistical analysis and plotting. One-way
analysis of variance (ANOVA), followed by Tukey-Kramer multiple
comparisons test, was used to analysis significant difference among

these four groups. All p <0.05 was considered as statistically

significant.
3 | RESULTS
3.1 | Curcumin inhibits DSS-induced colitis in

DB mice

To investigate the efficacy and action mechanism of Cur in colitis
complicated by diabetes, spontaneously diabetic (DB) mice were
selected and colitis was induced by the DSS free-drinking method.
First, we collected blood from the tail vein 2 times to detect the con-
centration of blood glucose before DSS induction. When the concen-
tration of blood glucose was higher than 16.7 mmol/L on both
occasions (Figure S2a), the DB mice were included in the subsequent
experiments. Based on our previous study (Zhong et al., 2020; Zhong
et al., 2021), DB mice were given 3% (w/v) DSS solution ad libitum
and showed typical clinical symptoms of colitis starting from day 4 of
the experiment, with significant weight loss (Figure S2b), anal blood
(Figure S2c), generalized tremors and bradycardia, and all died on day
9 (Figure S2d), and post-mortem examination revealed massive
colonic bleeding (Figure S2e). This suggests that diabetes increases
susceptibility to colitis in mice and is closely associated with deletion
of the leptin receptor gene.

Subsequently, 1.5% (w/v) DSS in drinking water were used to
induce colitis. Throughout the experiment, mice monitored daily for
their body weight, stool consistency or diarrhea and presence of gross
or occult blood in the rectum or stool. On days 3 to 21, the body
weight of the DSS group was significantly lower than that of the Con-
trol group (Figure 2a). The survival rate of mice in the DSS group was
lower than that of the Control group (Control group vs DSS group:
100% vs 64.3%) (Figure 2b). On the last day, mice were deeply eutha-
nized and sacrificed, their colon was quickly separated, its length mea-
sured and weighed. Compared to the Control group, the DSS group
showed a significant decrease in colonic length (Figure 2d, e) and a
significant increase in colonic weight/colonic length (Figure 2g). Light
microscopy (Figure 2h) revealed that the colonic mucosal epithelium
of DB mice with colitis was detached, local ulcers were formed and a
large number of inflammatory cells were infiltrated; in addition, the
histopathological injury scores of the colon in the DSS group
(Figure 2i) were significantly higher than that in the Control group.

After the simultaneous administration of Cur, the body weight of
the DSS + Cur group (Figure 2a) was significantly higher than that of
the DSS group from day 7 to day 21 of the experiment; the DAI of
the DSS + Cur group (Figure 2b) was significantly lower than that of

the DSS group from day 5 to day 13 and from day 16 to day 21; the
survival rate of mice in the DSS + Cur group (Figure 2c) was higher
than that of the DSS group (DSS + Cur group vs DSS group: 84.6% vs
64.3%). Compared to the DSS group, the DSS + Cur group showed a
significant increase in colonic length (Figure 2d, e), and a significant
decrease in colonic weight (Figure 2f) and colonic weight/colonic
length (Figure 2g). The colonic mucosal epithelium of Cur-treated DB
mice with colitis was more intact, with occasional small infiltration of
inflammatory cells (Figure 2h), and their pathological injure scores
(Figure 2i) were also significantly lower than that of untreated DB
mice with colitis. The above study showed that Cur was effective in
alleviating DSS-induced colitis in DB mice.

3.2 | Curcumin regulates the levels of blood
glucose and insulin in DB mice with colitis

To investigate the effects of Cur on the role of blood glucose and
insulin in DB mice with colitis, the concentrations of blood glucose
were measured by a Roche blood glucose meter (Figure 3a) and insu-
lin levels were measured using an ELISA method (Figure 3b). On days
7 and 21, the concentrations of blood glucose in the DSS group
(Figure 3a) were significantly lower than those in the Control group.
Importantly, the concentrations of blood glucose (Figure 3a) were sig-
nificantly lower in the DSS + Cur group than in the DSS group on day
14. The concentration of serum insulin in the DSS group (Figure 3b)
was significantly higher than that in the Control and DSS + Cur
groups. In addition, the intraperitoneal glucose tolerance test (IPGTT)
was performed to observe the effect of Cur on disease-related bio-
markers in the serum of the DSS-induced colitis in DB mice. The
IPGTT curve is shown in Figure 3c and its area under the curve (AUC)
is shown in Figure 3d. The AUC was obviously decreased in the DSS
+ Cur group, compared to the DSS group.

3.3 | Curcumin suppresses Th17 response in DB
mice with colitis

Th17 cells are characterized by the production of pro-inflammatory
cytokines IL-17A, and play a major role in autoimmune diseases,
including UC (Bunte & Beikler, 2019) and DM (Abdel-Moneim, Bak-
ery, & Allam, 2018). CC chemokine receptor 6 (CCRé) is a specific
marker for Th17 cells distinguishing them from other helper T cells
(Sundrud & Trivigno, 2013). Compared to the Control group, the per-
centages of CD4"CCRé™ (Figure 4a, b) and CD4"IL-17A" (Figure 4c,
d) Th17 cells in the mesenteric lymph nodes of the DSS group
increased significantly, as did the concentration and the mRNA level
of the cytokine IL-17A (Figure 4e, f) secreted by Th17 cells. The key
nuclear transcription factors BATF, C-Maf, RORyt and RORa regulate
Th17 cell differentiation and IL-17 secretion (Lin et al., 2019). Com-
pared with the Control group, the mRNA levels of BATF (Figure 4g), C-
Maf (Figure 4h), RORyt (Figure 4i) and RORa (Figure 4j) were signifi-
cantly increased in the colonic tissues of the DSS group.
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FIGURE 2 Curcumin (Cur) inhibited DSS-induced colitis in DB mice. (a) Body weight. (b) Disease activity index (DAI). (c) Survival rate.

(d) Changes in colonic length by naked eye. (e) Colonic length. (f) Colonic weight. (g) Colonic weight/Colonic length. (h) hematoxylin and eosin
staining of colon (magnification: 50x or 100x). (i) Pathological injure score. Data were presented as mean + SEM (n = 8-14). *p < 0.05 and
**p < 0.01 compared to the Control group; *p < 0.05 and #*#p < 0.01 compared to the DSS group

After simultaneous administration of Cur, the percentages of  group. Compared with the DSS group, the concentration of IL-17A
CD4"CCR6™" (Figure 4a, b) and CD4"IL-17A" (Figure 4c, d) Th17 cells  (Figure 4e) was significantly lower in the colon tissue of the DSS + Cur
were significantly lower in the DSS + Cur group than in the DSS  group, as was its mRNA level (Figure 4f). Meanwhile, the mRNA levels
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of BATF (Figure 4g), C-Maf (Figure 4h) and RORyt (Figure 4i) were sig-
nificantly lower in the colon tissues of the DSS + Cur group than
those of the DSS group. The above study showed that Cur inhibited
the Th17 cell response in DB mice with colitis.

3.4 | Curcumin promotes Treg response in DB
mice with colitis

Treg cells play a critical role in maintaining self-tolerance and promote
the secretion of the key anti-inflammatory cytokine IL-10, which con-
tributes to the relief of colitis (Izcue, Coombes, & Powrie, 2006) and
DM (Qiao et al., 2016). Compared with the Control group, the per-
centages of CD4"Foxp3™ (Figure 5a, b) and CD4"IL-10" Treg cells
(Figure 5c, d) in the mesenteric lymph nodes of the DSS group were
significantly decreased. In addition, the concentrations and mRNA
levels of IL-10 (Figure 5e, f) were significantly lower in colonic tissues
of the DSS group than those of the DSS + Cur group. The mRNA
levels of Foxp3 (Figure 5g) and Eomes (Figure 5h), the key transcription
factors regulating Treg cell differentiation and their cytokine secre-
tion, were significantly decreased in colonic tissues of the DSS group
than those of the DSS group.

After Cur was administered simultaneously for 21 days, the per-
centages of CD4"Foxp3™ (Figure 5a, b) and CD4'IL-10" Treg cells
(Figure 5c, d) in the mesenteric lymph nodes of the DSS + Cur group
were significantly higher than that of the DSS group, and their
secreted cytokine IL-10 (Figure 5e, f) was significantly lower in colon
tissue in terms of concentration and mRNA levels. In addition, the
mRNA levels of Foxp3 (Figure 5g) and Eomes (Figure 5h) in the DSS
+ Cur group were significantly higher than those in the DSS group.
These studies suggested that Cur promoted Treg cell differentiation

and effector functions in DB mice with colitis.

6000
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2000

Insulin concentration (uIU/mL)
=)
1

O Control W DSS DSS+Cur B Con+Cur

FIGURE 3 Curcumin (Cur)
regulated the levels of blood glucose
and insulin in DB mice with colitis.

(a) Blood glucose concentrations of
DB mice on days 0, 7, 14 and 21.

(b) Insulin levels in serum of DB mice
on day 21. (c) Intraperitoneal glucose
tolerance test (IPGTT). (d) Area under
the curve (AUC). Data were
presented as mean + SEM (n = 8-14).
*p < 0.05 and **p < 0.01 compared to
the Control group; #p < 0.05 and

##p < 0.01 compared to the DSS
group

3.5 | Curcumin improves the composition of
intestinal microbiota in DB mice with colitis

A growing amount of evidence indicates that disturbed intestinal
microbiota is implicated in different disease conditions, such as
IBD (Martinez-Guryn, Leone, & Chang, 2019) and T2DM (Lee,
Chae, Jo, Jerng, & Bae, 2021). Recently, improving the composition
of the intestinal microbiota is an effective measure in the treat-
ment of IBD (Kedia, Rampal, Paul, & Ahuja, 2016) and DM (Wu
et al., 2020). The rarefaction curve of Sobs index on the opera-
tional taxonomic unit (OTU) level (Figure 6a) flattens out and the
sequencing data reach saturation, covering the vast majority of
species in the gut microbiome community of DB mice. Single sam-
ple diversity (Alpha diversity) analysis reflects the abundance and
diversity of the microbial community, including the microbial rich-
ness index Sobs (Figure 6b) and the microbial diversity index Shan-
non (Figure 6c). As shown in Figure 6b, there was a significant
difference in sobs index on OTU level between the DSS group and
the Control, DSS + Cur, and Con+Cur groups, respectively.
Although there was no significant difference in Shannon index on
OTU level (Figure 6c) among Control, DSS, DSS + Cur, and Con
+Cur groups, Shannon index on OTU level was lower in the DSS
group than in the Control, and DSS + Cur groups. Subsequently,
Venn diagram analysis at the OTU level (Figure 6d) showed differ-
ences in the composition of the intestinal microbiota among the
four groups, 633, 610, 647 and 640 OTUs in the Control, DSS,
DSS + Cur and DSS + 5-ASA groups, respectively. In addition,
B-diversity analyses were used to assess the differences in diver-
sity of the intestinal microbiota among these four groups, including
principal co-ordinates analysis (PCoA) (Figure 6ée) and non-metric
multidimensional scaling (NMDS) (Figure 6f). The PCoA (Figure 6e)
and NMDS (Figure 6f) analyses showed that the distribution of
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FIGURE 4 Curcumin (Cur) suppressed Th17 cell response in DB mice with colitis. (a) Percentage of CD4"CCR6™ Th17 cells. (b) Percentage of
CD47IL-17A" Th17 cells. Statistical analysis of CD4TCCR6™ Th17 cells (c) and CD4"IL-17A" Th17 cells (d) among the Control, DSS, DSS + Cur,
Con+Cur groups. (e) The concentration of IL-17A in colonic tissue. (f) The mRNA levels of IL-17A in colonic tissue. The mRNA levels of Th17
cells-related nuclear transcription factors BATF (g), C-Maf (h), RORyt (i) and RORa (j) in colon tissue. Data were presented as mean + SEM (n = 8-
11). *p < 0.05 and **p < 0.01 compared to the Control group; #p < 0.05 and #p < 0.01 compared to the DSS group

species in the DSS and DSS + Cur groups was separate from the
Control group, while the distance between the DSS + Cur group
and the Control group were smaller than the distance between the

DSS and Control groups.

3.6 | Correlation analysis of intestinal microbiota

Based on the effective effects of Cur on Th17/Treg and intestinal
microbiota in DB mice with colitis, Spearman correlation heat map

and redundancy analysis (RDA) were used to further explore the cor-
relation between Th17, Treg cells and intestinal microbiota. The
Spearman correlation heat map at the genus level (Figure 7d) showed
that Roseburia was negatively correlated with CD4117A"Th17 cells
CD47"IL-10"Treg
Erysipelatoclostridum was positively correlated with CD4"17A"Th17

and positively  correlated with cells;
cells and negatively correlated with CD4"IL-10"Treg cells; Roseburia
was negatively correlated with CD4TCCR6"Th17 cells and positively
correlated with CD4*Foxp3*Treg cells; norank_f_Oscillospiraceae was

positively correlated with CD4*CCR6Th17 and negatively correlated
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FIGURE 5 Curcumin (Cur) promoted Treg response in DB mice with colitis. (a) Percentage of CD4Foxp3™ Treg cells. (b) Percentage of

CD47IL-10" Treg cells. Statistical analysis of CD4"Foxp3™ (c) and CD4"IL-10" (d) Treg cells among the Control, DSS, DSS + Cur, Con+Cur
groups. (e) The concentration of IL-10 in colonic tissue. (f) The mRNA levels of IL-10 in colonic tissue. The mRNA levels of Treg cells-related
nuclear transcription factors Foxp3 (g) and Eomes (h) in colon tissue. Data were presented as mean + SEM (n = 8-11). *p < 0.05 and **p < 0.01
compared to the Control group; #p < 0.05 and *p < 0.01 compared to the DSS group

with CD4"Foxp3*Treg. Meanwhile, CD4"IL-17ATTh17,
CD4"CCR6"Th17, CD4"IL-10" Treg, CD4 " Foxp3* Treg, colon index
and pathological injury score were used as environmental factors to
analyse their correlation with the intestinal microbiota. According to
RDA analysis (Figure 7e), the abundance of CD4'IL-17A"Th17 and
CD4"CCR6"Th17 were consistent with the intestinal microbiota of
the DSS group, while the abundance of CD4'IL-10"Treg and
CD4"Foxp3*Treg cells were consistent with the intestinal microbiota
of the Control, DSS + Cur and Con+Cur groups. Regression analysis
(Figure 7f, g) further revealed that CD4'IL-17A*Th17 and
CD4"CCR6'Th17 were inversely correlated with sobs, whereas
CD47"IL-10"Treg (Figure S4a) and CD4'Foxp3*Treg (Figure S4b)

were not significantly correlated with sobs.

4 | DISCUSSION

With advances in healthcare and an increase in the number of patients
with chronic diseases, managing patients with multiple co-morbidities
is an inevitable challenge. DM is one of the most common complica-
tions in patients with UC (Bower, O'Flynn, Kakad, & Aldulaimi, 2021).

Although the correlation between DM and IBD is under discussion,
there is not enough research on the coexistence of DM and IBD. DB
mice are spontaneous type 2 diabetic mice and are commonly used to
investigate the pathogenesis of diabetes and to develop new drugs
(Tesch & Lim, 2011; Wang, Burkhardt, Guan, & Yang, 2012). DSS-
induced experimental colitis is a classic model that mimics the patho-
genesis of human ulcerative colitis (Bilsborough, Fiorino, &
Henkle, 2021). C57BL/6 mice usually drink 3.0% DSS ad libitum in a
replicated colitis model (Wirtz et al., 2017), but all DB mice in this
study died from drinking 3.0% DSS ad libitum. This suggests that dia-
betes affects the survival of colitis mice. We induced colitis in DB
mice by 1.5% DSS and observed typical signs of colitis in DB mice,
prolapse, blood in stool, weight loss, shortened colon length, increased
colon weight and microscopic ulcer formation and infiltration of
inflammatory cells. This indicates that the 1.5% DSS replication of
colitis in DB mice is successful. DB mice in this study were leptin
receptor knockout mice (Guo et al., 2021) and were susceptible to
DSS-induced experimental colitis, implying that leptin receptor is
resistant to colitis. This was also confirmed by clinical cases where
children with at least one copy of the leptin receptor 223R mutation

were susceptible to amoebic colitis (Mackey-Lawrence & Petri, 2012).
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FIGURE 6 Curcumin (Cur) improved the composition of gut microbiota in DB mice with colitis. (a)The rarefaction curve of Sobs index on the
operational taxonomic unit (OTU) level. Box plots indicate microbiome diversity differences of sobs index (b), and Shannon index (c) on OTU level
followed with Wilcoxon rank-sum test. (d) The Venn diagram depicted OTUs that differed in each group. (e) Partial least squares discriminant
analysis (PLS-DA) score on OTU level. (f) Non-metric multidimensional scaling (NMDS) on OTU level.n =5
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FIGURE 7

Species differences in intestinal microbiota and correlation analysis. (a) Differential analysis among these four groups at the genus

level; (b) Phylotypes significantly different between Control and DSS groups at genus level; (c) Phylotypes significantly different between DSS and
DSS + Cur groups at genus level; (d) Spearman's correlation heatmap of CD4"Foxp3™, CD4"IL-10", CD4"CCRé6", CD4TIL-17A™, pathological
injury score, colon index, and intestinal microbiota. (e) Linear regression analysis of relationship between CD4"IL-17A"Th17 and gut microbiota.
(f) Linear regression analysis of relationship between CD4*CCR6"Th17 and intestinal microbiota, n = 5



XIAO ET AL.

WILEY_L7%

This provides a clue for our subsequent study of leptin receptor in the
pathogenesis of colitis.

Metformin is a first-line drug for the treatment of type 2 diabe-
tes and is also used in the discovery of drugs for the treatment of
diabetes (Foretz, Guigas, & Viollet, 2019; Forslund et al., 2017).
Mesalazine is the drug of choice for the treatment of patients with
mild-to-moderate colitis and is also commonly used to evaluate the
development of drugs for UC (Singh, Feuerstein, Binion, &
Tremaine, 2019; Urushidani, Kuriyama, & Matsumura, 2018). In this
study, the disease—UC complicated with DM is complex and cur-
rent drugs for this condition have not been reported. However, it is
not appropriate to use metformin or mesalazine alone as a positive
control. The combination of metformin and mesalazine was consid-
ered as a positive control without any negative interaction between
metformin and mesalazine. But no studies have been reported in
this research area, and this provides a new clue as to whether
improving hyperglycemia in diabetes may enhance the anticolitis
effect.

Elevated serum insulin concentrations imply increased insulin
resistance and are one of the main markers to differentiate between
(Guest &

Rahmoune, 2019). In T2DM mice, Cur improved insulin resistance and

metabolic disorders (e.g., diabetes and obesity)
down-regulated the levels of insulin and blood glucose (Pivari,
Mingione, Brasacchio, & Soldati, 2019; Stefanska, 2012). Clinically Cur
supplementation is effective in alleviating clinical symptoms in dia-
betic patients (Altobelli et al., 2021). In the present study, Cur reduced
IPITT AUG levels and significantly down-regulated insulin levels in
colitis DB mice. In addition, our study found that Cur inhibited colitis
in DB mice, reversed the increase in disease activity index, weight
loss, shortened colon, increased colon weight and improved colonic
mucosal damage. Cur, derived from turmeric (Curcuma longa L), has
been shown to possess substantial health benefits. Nevertheless, due
to its poor absorption in free form in the gastrointestinal tract, inges-
tion of 12 g of Cur was detected in human plasma at a concentration
of only 0.051 mg/ml (Yang, Lin, Tseng, Wang, & Tsai, 2007). In the
clinical management of UC and diabetes, the usual dose of Cur is
1,500 mg/day. High doses increase the absorption of Cur to some
extent, and Cur supplements at doses below 12 g per day show no
known toxic effects in humans (Lao et al., 2006). Consumption of the
Cur (1,500 mg/day) supplement, along with drug therapy, is associ-
ated with significant improvement of the clinical outcomes, quality of
life, hs-CRP, and ESR in patients with mild-to-moderate UC (Sadeghi,
Mansoori, Shayesteh, & Hashemi, 2020). A randomized, double-blind,
placebo-controlled trial indicate that Cur (1,500 mg/day) consumption
may reduce diabetes complications through decreasing TG level as
well as indicators of inflammation (Adibian et al., 2019). However,
clinical studies of Cur have not been reported in cases of UC compli-
cated by DM. Based on body surface area (Nair & Jacob, 2016), the
human dose of Cur was converted to a mouse dose of 307.5 mg/kg/
day (1,500 mg/day + 60 kg x 12.3), higher than the 100 mg/kg/day
used in this study. This further suggests the potential of Cur to treat
the complex disease of UC complicated by DM, which could be help-
ful in guiding the clinical dosing of Cur.

The immune homeostasis of Th17/Treg plays a key role in host
health and its disruption often induces autoimmune diseases, includ-
ing IBD (Huang et al., 2021) and DM (Zhang et al., 2021b). Th17 cells
are pro-inflammatory, secreting large amounts of IL-17A upon activa-
tion, causing damage to the colonic mucosa (Owaga et al., 2015), kill-
ing pancreatic p-cells and enhancing insulin tolerance (Kiernan &
Maciver, 2020). In contrast, Treg cells exhibit anti-inflammatory
effects, secreting IL-10 to promote colonic mucosal repair (Chang
et al., 2021) and improving insulin tolerance (Bettini & Bettini, 2021).
Targeted modulation of Th17/Treg balance is an effective strategy for
the treatment of autochthonous diseases. Our previous study demon-
strated the ability of Cur to reshape the Th17/Treg balance in DSS-
induced colitis mice (Zhong et al., 2021). In the present study, we
found that Cur was able to down-regulate CD4"CCR6'Th17,
CD4"IL-17A*Th17 and its cytokine IL-17A, nuclear transcription fac-
tor BATF, C-Maf, RORyt, and up-regulate CD4'Foxp3* Treg,
CD47"IL-10" Treg and its cytokine IL-10, nuclear transcription factor
Foxp3, Eomes in mice with diabetic complications of colitis. This sug-
gests that Cur has the ability to restore the balance of Th17/Treg in
mice with colitis complicated by diabetes.

The human intestinal microbiota has emerged as a major player
health (Trebicka, Bork, Krag, &
Arumugam, 2021). Targeted regulation of intestinal microbiota

in  human and disease
homeostasis is an emerging strategy for the treatment of autoch-
thonous diseases. In the present study, a significant decrease in
diversity and a significant change in the composition of the intesti-
nal microbiota of mice with diabetes complicated by colitis, with
lower relative abundance of Candidatus_Saccharimonas and
Eubacterium_xylanophilum_groups. Not consistent with our previous
study, DSS-induced colitis mice did not show significant changes in
Candidatus_Saccharimonas  and  Eubacterium_xylanophilum_group
(Zhong et al., 2021). This may be strongly related to the different
strains of mice, implying a strong relationship between leptin recep-
tors on the composition of the intestinal microbiota of DSS-
induced colitis. Candidatus_Saccharimonas has an anti-inflammatory
profile and contributes to IL-4 and IL-10 secretion (Sang
et al,, 2020). Other studies reported that colitis mice with T2DM
was alleviated via by intestinal microbiota, including Fermented
Maillard Reaction Products by Lactobacillus gasseri 4M13 (Jeong,
Park, Nam, & Lee, 2021) and Odd-numbered agaro-oligosaccharides
(Wang et al., 2020). Notably, we found that Cur was effective in
improving the diversity of intestinal microbiota and up-regulating
the relative abundance of Candidatus_Saccharimonas and
Eubacterium_xylanophilum_group in DB mice with colitis. The role of
Candidatus_Saccharimonas and Eubacterium_xylanophilum_group on
diabetic complications of colitis can be further explored by fecal
transplantation assays. In addition, Th17 cells were negatively cor-
related with Sobs, suggesting that Th17 cells disrupted the abun-
dance of intestinal microbiota. Meanwhile, correlation analysis
revealed that Roseburia was positively correlated with
CD4"CCR6"Th17 and CD4'IL-17A*Th17, and negatively corre-
lated with CD4"Foxp3™ and CD4"IL-10"Treg cells. This implies

that Roseburia has potential value for the balance of Th17/Treg
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cells in DSS-induced UC mice with T2DM and lays the foundation
for subsequent studies.

In conclusion, Cur not only significantly improved insulin secre-
tion and blood glucose levels in T2DM, but also alleviated DSS-
induced UC. Moreover, Cur regulated the balance of Th17/Treg cells
and the homeostasis of intestinal microbiota in UC complicated with
DM. These findings provide new insights and experimental evidence
for the treatment and research of UC complicated with DM, which is

a complex disease.
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