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Inhibition of Rac family protein impairs colitis  
and colitis-associated cancer in mice
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Abstract: The prevalence of inflammatory bowel disease (IBD) has increased worldwide and IBD has been demon-
strated to promote the development of colorectal cancer. The Rac family of proteins are involved in key mitogenic 
pathways. However, to the best of our knowledge, no prior studies have investigated the expression and role of Rac 
on colitis and colitis-associated cancer (CAC). In the current study, Rac expression in patients with colitis was ana-
lyzed according to the expression value from NCBI GEO database (GDS3268). EHT-1864, the specific inhibitor of 
Rac, was intraperitoneally injected to treat mice with dextran sulfate sodium (DSS)-induced acute and chronic colitis 
and mice with azoxymethane (AOM)/DSS-induced CAC. Furthermore, immune cell infiltration and the expression of 
several inflammatory cytokines in colon tissues were analyzed by flow cytometry, immunofluorescence, and ELISAs. 
We demonstrated the upregulation of the Rac family of proteins in colitis. Inhibition of Rac by EHT-1864 treatment 
was found to have an efficient inhibitory effect on DSS-induced acute and chronic colitis and AOM/DSS-induced CAC 
development. We also observed that downregulation of Rac family protein expression markedly prevented macro-
phage and myeloid-derived suppressor cell (MDSC) infiltration in colon tissues and suppressed pro-inflammatory 
cytokine expression. Our study established a foundation for understanding the role of Rac in colitis and CAC and to 
provide a novel strategy and target for colitis and CAC therapy.
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Introduction

Inflammatory bowel disease (IBD) comprises 
two major forms, Crohn’s disease and ulcer-
ative colitis (UC), and is characterized by dys-
regulated intestinal inflammation. The preva-
lence of IBD has increased worldwide, and  
currently, it affects millions of patients. Dys- 
regulated immune responses in the intestinal 
mucosa cause an overproduction of pro-inflam- 
matory cytokines, such as interleukin (IL)-6, 
IL-17, interferon (IFN)-γ, and tumor necrosis fac-
tor (TNF)-α, and contribute to the development 
of colitis [1-3]. Immune cells, including dendritic 
cells, macrophages, neutrophils, and T cells, 
together with the aforementioned pro-inflam- 
matory cytokines, collaborate to perpetuate 
and sustain inflammatory responses in the 
colon, which eventually lead to tissue damage 
and the development of colitis [4, 5]. To date, 
there has been no optimal treatment for IBD, 
and the treatment options currently available 

consist of corticosteroids, 5-aminosalicylates, 
and immunosuppressant agents, such as anti-
bodies against TNFα [6-8]. While 5-aminosalicy-
lates and corticosteroids are beneficial for 
many patients with IBD, for the majority, they 
are not effective in the long term, and the short- 
and long-term side effects of immunosuppres-
sive drugs limit their clinical use [6-8]. Therefore, 
identifying and developing novel therapeutic 
targets and strategies for IBD treatment are 
essential.

The Rac family of proteins are small monomeric 
GTPases involved in key mitogenic pathways, 
providing a link between the cell surface and 
transcriptional events [9]. Rac family proteins 
are involved in the regulation of various diseas-
es, including chronic kidney disease (CKD) [10] 
and immune complex-mediated acute lung inju-
ry [11]. Thus, the Rac inhibitors EHT-1864 and 
NSC23766 have been used as efficient agents 
for inhibiting prostate smooth muscle contrac-
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tion and prostate stromal cell growth [12], 
inhibiting breast cancer cell proliferation [13] 
and attenuating albumin excretion as well as 
glomerular and tubulo-interstitial damage [10]. 
However, to the best of our knowledge, there is 
no study to investigate the potential role of Rac 
on colitis and colitis-associated cancer (CAC).

In the present study, we aimed to investigate 
the potential role of Rac on colitis and CAC. The 
expression of Rac in colitis was analyzed 
according to the data from NCBI GEO database. 
EHT-1864, a Rac specific inhibitor, was intra-
peritoneally injected into mice with dextran sul-
fate sodium (DSS)-induced acute and chronic 
colitis and into mice with azoxymethane (AOM)/
DSS-induced CAC. Furthermore, immune cell 
infiltration and the expression of several inflam-
matory cytokines in colon tissues were ana-
lyzed by flow cytometry, immunofluorescence 
(IF) and an ELISA. Our study aimed to establish 
a foundation for understanding the role of Rac 
in colitis and CAC, and to identify novel strate-
gies and targets for the treatment of colitis and 
CAC.

Materials and methods

Mice and treatment

20-23 g weight female C57BL/6 mice were pur-
chased from the Beijing HFK Bioscience Co., 
LTD (Beijing, China). All of the animal studies 
were approved by the Animal Experiment Com- 
mittee of the Southern Medical University. EHT-
1864 (Selleck, 10 mg/kg) were intraperitone-
ally injected once a day with 1.0 ml disposable 
sterilized syringe. And equal amount of DMSO 
were intraperitoneally injected as control group.

Acute colitis model

3% dextran sulfate sodium (DSS) (MP Biome- 
dical) were dissolved in sterile, distilled water 
and used to feed C57BL/6 mice to establish 
acute colitis model, lasting for 7 days. Then 
with a 7 days interval, regular drinking water 
were performed. The hemoccult and stool con-
sistency was observed and recorded according 
to the rules by previous study [14].

Chronic colitis model

Three cycles of 2% DSS are performed to es- 
tablish DSS-induced chronic colitis model in 
C57BL/6 mice. In one cycle, 2% DSS was added 

for feeding mice for 7 days and with a 14 days 
interval, regular drinking water were performed. 
The hemoccult and stool consistency was 
observed and recorded according to the rules 
by previous study [14].

Colitis associated cancer model

Colitis associated cancer (CAC) model was 
established as the previous study described 
[15]. C57BL/6 mice were injected intraperito-
neally with 10 mg/kg AOM (Sigma-Aldrich). 7 
days later, 2% DSS are performed to treat mice, 
lasting for 7 days. Then, regular drinking water 
are performed for 14 days. In total, three cycles 
of 2% DSS treatment were needed. After sacri-
fice, the colon were collected and the tumor 
multiplicity were counted and the tumor area 
were measured by Vernier caliper. 

Enzyme-linked immunosorbent assay (ELISA)

To measure the expression of several cytokines 
in colon tissues, colon tissues were collected 
and lysed in RIPA lysis buffer (Beyotime, Beijing, 
China) containing 1% protease inhibitor cock-
tail (Sigma-Aldrich). After measurement of pro-
tein concertation with BCA kit, mouse IL-6 
ELISA kit, mouse TNF-α ELISA kit, mouse IFN-γ 
ELISA kit and mouse IL-1β ELISA kit were pur-
chased from Neobioscience (Shanghai, China) 
and performed according to the manufacturer’s 
instructions.

Western blotting

To measure the expression of Rac family in 
colon tissues, colon tissues were collected and 
lysed in RIPA lysis buffer (Beyotime, Beijing, 
China) containing 1% protease inhibitor cock-
tail (Sigma-Aldrich). Then, the protein concerta-
tion were measured with BCA kit and 20 μg 
total protein were loaded for western blotting. 
After blocking with 5% non-fat milk in TBS/T 
buffer, the membrane were incubated with 
anti-Rac1 antibody, anti-Rac2 antibody and 
anti-Rac3 antibody (CST, MA, USA). The GAPDH 
was used as a loading control.

Flow cytometry

Flow cytometry were employed to investigate 
the immune cells infiltration in colon tissue as 
the previous study [16]. After sacrifice the mice, 
colon tissues were collected and digested in 
PBS containing 0.2% Collagenase D at 37°C for 
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30 mins. Then, the specific antibodies were 
added to label the isolated cells at room tem-
perature for 1 hour. After washing the cells with 
PBS containing 2% fetal calfserum, the cells 
were analyzed on a BD FACSCalibur.

Histological staining and immunofluorescence

The colon tissues were clipped into 1 cm leng- 
th section and fixed in 4% paraformaldehyde  
for 48 hours, followed embedding in paraffin. 
Then, the cutted 4 μm paraffin section were 
deparaffinized in xylene, and rehydrated in PBS 
(pH 7.4). Hematoxylin-Eosin staining kit (Beyo- 
time, Beijing, China) were used for histological 
staining and the histological score were ana-
lyzed as previous study [14]. Meanwhile, after 
antigen retrieval, the specific antibody against 
iNOS, F4/80 and Ly6G were added and incu-
bated at 37°C for 1 hour. After washing with 
PBS for 3 times, the goat anti-rabbit IgG-FITC 
and goat anti-mouse-TR antibody (Santa Cruz) 

were added and incubated at 37°C for 1 hour. 
The cell nuclei were stained by DAPI (Beyotime, 
Beijing, China). All specimens were evaluated 
using Olympus B×600 microscope and Spot 
Fiex camera.

Statistical analysis

All statistical analysis was performed by the 
Student’s t-tests and calculations were per-
formed using SPSS v19.0 (SPSS Inc., Chicago, 
IL, USA). All experiments were repeated three to 
six times. P<0.05 was considered statistically 
significant.

Results

Rac family proteins were upregulated in colitis 
tissues

To investigate the expression of Rac family  
proteins in colitis, we collected the expression 

Figure 1. Upregulation of Rac family proteins in colitis tissues. A-C. Rac1, Rac2 and Rac3 expression in normal 
colon tissues and the flamed colonic tissues from UC patients were collected from GEO database (GDS3268) and 
analyzed. (n=70 for normal group; n=63 for UC group). D. Real-time PCR was performed to detect Rac1, Rac2 and 
Rac3 expression in the colonic tissue of mice with or without 2% DSS treatment. The relative expression of Rac1, 
Rac2 and Rac3 was analyzed. (n=4, *, P<0.05; **, P<0.01).
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value of Rac1, Rac2 and Rac3 from NCBI GEO 
database (GDS3268), which including the ex- 
pression profiles of 70 inflamed normal colon 
tissues and 63 flamed colonic tissues from UC 
patients. As shown in Figure 1A and 1B, Rac1 
and Rac2 expression were significantly upregu-
lated in colitis tissues of patients, meanwhile 
Rac3 expression was not dramatically increa- 
sed (Figure 1C). Furthermore, real-time PCR 
was employed to determine the expression of 
Rac1, Rac2 and Rac3 in the colon tissues of 

chronic colitis mice and control mice. We found 
both of Rac1, Rac2 and Rac3 expression were 
upregulated in colitis (Figure 1D). Collectively, 
these results demonstrated the upregulation of 
Rac family proteins in colitis.

Inhibition of Rac family proteins impairs acute 
colitis in mice

To determine the role of Rac in colitis, the  
specific inhibitor EHT-1864 was employed to 

Figure 2. Inhibition of Rac impairs acute colitis in mice. A. Western blotting analysis of Rac1, Rac2 and Rac3 expres-
sion in colonic tissue of acute colitis mice. GAPDH was used as a loading control. B. The relative expression of Rac1, 
Rac2 and Rac3 was analyzed. n=3, **, P<0.01. C. Schema of acute colitis model and EHT-1864 treatment. D. The 
representative macroscopic photos of colon after DMSO or EHT-1864 injection in acute colitis mice. E. Colon length 
of acute colitis mice. n=6, **, P<0.01. F. Hemoccult of acute colitis mice. n=6, **, P<0.01. G. Stool consistency of 
acute colitis mice. n=6, **, P<0.01. H. HE staining of colonic tissue of acute colitis mice. The histologic score was 
calculated and analyzed. n=5, **, P<0.01. I. ELISA analysis of IL-6, TNF-α, INF-γ and IL-1β expression in colonic tis-
sue of acute colitis mice. n=3, **, P<0.01.
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reduce Rac expression in the colon tissues of 
chronic colitis mice. As presented in Figure 1A, 
Rac1, Rac2, and Rac3 expression was evaluat-
ed and we determined that EHT-1864 efficient-
ly inhibits the expression of Rac1, Rac2, and 
Rac3 (Figure 2A and 2B). As depicted in Figure 
2C-E, colon length was observed recovered 
after EHT-1864 treatment for 5 days. Further- 
more, less inflammation-associated rectal blee- 
ding and soft stool was observed in the EHT-
1864 treatment group, compared with DMSO 
injected group (Figure 2F and 2G). Hematoxylin 
and eosin (H&E) staining revealed that treat-
ment with 3% DSS induced severe damage to 
the colonic mucosa, including an extensive loss 
of crypt structures, epithelial cell denudation 
and large areas of inflammatory cell infiltration 
(Figure 2H). Notably, the administration of EHT-
1864 markedly impaired colonic inflammation, 

which was also reflected in the pathological 
assessment of colitis severity scores (Figure 
2H). ELISA results indicated that EHT-1864 effi-
ciently inhibited IL-6, TNF-α, INF-γ, and IL-1β 
expression in the colonic tissue of mice with 
acute colitis (Figure 2I), which were determined 
to be the pro-inflammatory cytokines involved 
in colitis development. These data demon-
strate the preventive role of EHT-1864 on acute 
colitis in mice. 

Inhibition of Rac impairs chronic colitis in mice

Next, Rac family proteins expression were 
downregulated by EHT-1864 in the mice with 
2% DSS-induced chronic colitis. The treatment 
regimen lasted for 5 days and involved a 16-day 
interval (Figure 3A). We demonstrated the ther-
apeutic role of EHT-1864 on chronic colitis in 

Figure 3. Inhibition of Rac impairs chronic colitis in mice. A. Schema of chronic colitis model and EHT-1864 treat-
ment. B. The representative macroscopic photos of colon after DMSO or EHT-1864 injection in chronic colitis mice. 
C. Colon length of chronic colitis mice. n=6, **, P<0.01. D. Hemoccult of chronic colitis mice. n=6, **, P<0.01. E. 
Stool consistency of chronic colitis mice. n=6, **, P<0.01. F. HE staining of colonic tissue of chronic colitis mice. 
The histologic score was calculated and analyzed. n=5, **, P<0.01. G. ELISA analysis of IL-6, TNF-α, INF-γ and IL-1β 
expression in colonic tissue of chronic colitis mice. n=3, **, P<0.01.



Inhibition of Rac suppresses colitis and CAC

75	 Am J Cancer Res 2018;8(1):70-80

mice (Figure 3B and 3C), which was accompa-
nied by reduced inflammation-associated rec-
tal bleeding and soft stool (Figure 3D and 3E). 
Furthermore, H&E staining was performed, 
which revealed reduced damage to the colonic 
mucosa with attenuated loss of crypt struc-
tures and epithelial cell denudation, and small-
er areas of inflammatory cell infiltration in the 
Rac-downregulated mice (Figure 3F). Notably, 
comparatively lower expression levels of IL-6, 
TNF-α, INF-γ, and IL-1β were observed in colon-

ic tissues obtained from EHT-1864-treated 
mice with chronic colitis (Figure 3G). These find-
ings further demonstrated the preventive role 
of EHT-1864 on chronic colitis in mice.

Inhibition of Rac blocks pro-inflammatory cell 
recruitment in colon tissues

To determine the changes to the inflammatory 
microenvironment, flow cytometry was employ- 
ed to examine leukocyte infiltration into the 

Figure 4. Inhibition of Rac blocks pro-inflammation cells recruitment in colon tissue. A, B. Flow cytometry analysis 
of CD8+ T cells, CD4+ T cells, Ly6G+CD11b+ MDSC cells, F4/80+ macrophages and NK1.1+ NK cells in colonic tissue 
of chronic colitis mice after DSS feeding for 7 days and 14 days. n=3, **, P<0.01. C. Immunofluorescent staining 
analysis of iNOS and Ly6G expression in colonic tissue of chronic mice. Scale bar = 100 μm. D. The number of iNOS 
and Ly6G positive cells were counted and analyzed. n=4, **, P<0.01. E. Immunofluorescent staining analysis of 
iNOS and F4/80 expression in colonic tissue of chronic mice. Scale bar = 100 μm. F. The number of iNOS and F4/80 
positive cells were counted and analyzed. n=4, **, P<0.01.
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colonic tissues of chronic colitis mice. As pre-
sented in Figure 4A and 4B, reduced numbers 
of myeloid-derived suppressor cells (MDSC; 
Ly6G+CD11b+) and macrophages (F4/80+) were 
observed in the colons of mice with chronic 
colitis following EHT-1864 treatment for 7 days 
(Figure 4A) and for 14 days (Figure 4B). How- 
ever, EHT-1864 had no significant effect on the 
infiltration of CD4+ T cells, CD8+ T cells or natu-
ral killer cells (Figure 4A and 4B). IF staining 
also indicated that EHT-1864 prevents the infil-
tration of pro-inflammatory MDSCs [inducible 
nitric oxide synthase (iNOS) positive; Figure 4C 

and 4D] and macrophages (iNOS positive; 
Figure 4E and 4F) into colon tissues. These 
data indicated that inhibition of Rac impairs the 
development and progression of colitis via 
blocking the recruitment of MDSCs and macro-
phages in colon tissues.

Inhibition of Rac impairs CAC formation in 
mice

The following experiments directly investigated 
the role of Rac in CAC development in mice. The 
mice were injected with 10 mg/kg AOM once, 

Figure 5. Inhibition of Rac impairs CAC formation in mice. A. Schema of CAC model and EHT-1864 treatment. B. The 
representative macroscopic photos of colon after DMSO or EHT-1864 injection in CAC mice. C. Tumor multiplicity 
of CAC mice. n=6, **, P<0.01. D. Total surface area of tumors per colon of CAC mice. n=6, **, P<0.01. E. Colon 
length of CAC mice. n=6, **, P<0.01. F. HE staining of colonic tissue of CAC mice. The tumor area was calculated 
and analyzed. n=5, **, P<0.01. G. Immunostaining of PCN expression in colonic tissue of CAC mice. The percent of 
PCNA positive cells were analyzed. n=5, **, P<0.01.



Inhibition of Rac suppresses colitis and CAC

77	 Am J Cancer Res 2018;8(1):70-80

followed by three cycles of 2% DSS exposure to 
elicit colitis (Figure 5A). EHT-1864 was injected 
over three cycles, lasting 5 days with a 16-day 
interval in one cycle (Figure 5A). However, co- 
lonic tumors could still be subsequently detect-
ed in both the DMSO- and the EHT-1864-
treated mice (Figure 5B), EHT-1864 significant-
ly inhibited the multiplicity of colonic tumors 
(P=0.0009, Figure 5C) and the tumor burden 
(P=0.0004, Figure 5D), accompanied with 
recovery of colon length (P=0.0010, Figure 5E). 
H&E staining also demonstrated a reduction in 
the tumor area present in the colonic tissues of 
EHT-1864-treated mice (P<0.0001, Figure 5F). 

PCNA staining indicated that more proliferative 
cells were present in the colonic tissues of the 
DMSO-treated mice (Figure 5G). Collectively, 
the findings suggest that inhibition of Rac sig-
nificantly impaired CAC formation in mice.

Inhibition of Rac prevents inflammation during 
CAC formation

Next, the inflammatory microenvironment in 
the colonic tissues of CAC mice was evaluated 
by IF staining and ELISA analysis. As presented 
in Figure 6A-D, inhibition of Rac prevented pro-
inflammatory MDSC (iNOS positive, Figure 6A 

Figure 6. Inhibition of Rac prevents inflammation during CAC formation. A. Immunofluorescent staining analysis 
of iNOS and Ly6G expression in colonic tissue of CAC mice. Scale bar = 100 μm. B. The number of iNOS and Ly6G 
positive cells were counted and analyzed. n=4, **, P<0.01. C. Immunofluorescent staining analysis of iNOS and 
F4/80 expression in colonic tissue of CAC mice. Scale bar = 100 μm. D. The number of iNOS and F4/80 positive 
cells were counted and analyzed. n=4, **, P<0.01. E-H. ELISA analysis of IL-6, TNF-α, INF-γ and IL-1β expression in 
colonic tissue of CAC mice. n=3, **, P<0.01.
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and 6B) and macrophage (iNOS positive, Figure 
6C and 6D) infiltration in colon tissues. Further- 
more, the inhibitory role of EHT-1864 on the 
expression of IL-6, TNF-α, INF-γ, and IL-1β was 
demonstrated in the colonic tissues of CAC 
mice (Figure 6E-H). Collectively, these findings 
indicated that inhibition of Rac prevents CAC 
formation by impairing the pro-inflammation 
microenvironment.

Discussion

Rac family proteins are potent regulators of cel-
lular signaling that control migration and inflam-
mation [9]. Rac is important for activating the 
NF-κB response downstream of integrin activa-
tion, such as after phagocytosis [17]. Rac-1 and 
RhoA have been identified as mediators of 
podocyte dysfunction in CKD; thus, the inhibi-
tion of Rho-GTPases may be a novel approach 
to the treatment of CKD [10]. Rac-guanine 
nucleotide exchange factors serve crucial pro-
inflammatory roles in lung inflammation through 
promoting the pulmonary recruitment of mono-
cytes and lymphocytes [18]. Rac1 GTPase sig-
naling has previously been demonstrated to be 
markedly upregulated in the inflamed colonic 
mucosa of patients with IBD, when compared 
with the healthy colonic mucosa [19], as well as 
increased in experimentally induced mucosal 
wounds [19]. We identified that the Rac inhibi-
tor EHT-1864 efficiently inhibited Rac1, Rac2, 
and Rac3 expression in the colon tissues of 
chronic colitis mice. Furthermore, the inhibition 
of Rac by EHT-1864 resulted in the attenuation 
of colitis and CSC formation in mice. Investi- 
gation of the underlying mechanism indicated 
that fewer macrophages and MDSCs were pres-
ent in the colon tissues following Rac inhibition, 
often accompanied by the downregulation of 
pro-inflammatory cytokines. These results are 
consistent with the preventive role of Rac inhi-
bition on inflammation that has been demon-
strated in previous studies [10, 18, 20, 21].

DSS is an efficient chemical molecule used for 
promoting inflammation in the colon through 
inducing apoptosis of colon epithelial cells in 
mice [22]. As DSS-induced colitis has been 
considered to closely mimic the clinical and 
morphological features of human UC [1, 23], 
DSS-induced colitis in mice has been a widely 
used and accepted animal model for studying 
human UC. To elucidate the potential role of 
Rac in IBD, we used a DSS-induced colitis 

mouse model. The findings indicated that inhi-
bition of Rac by EHT-1864 suppresses the 
symptoms of DSS-induced colitis, such colon 
length shortening, bloody feces and stool con-
sistency. Increasing evidence has demonstrat-
ed the association between colitis and colon 
cancer [24-26], due to the persistence and 
renewal of mutagenic processes [27, 28]. Prior 
clinical studies have also determined that 
patients with IBD have a higher risk of colorec-
tal cancer development compared with the 
healthy population [29]. Our study demonstrat-
ed that inhibition of Rac significantly impairs 
AOM/DSS-induced CAC formation and progres-
sion, as evidenced by reduced tumor multiplic-
ity and area. The effect of Rac on CAC may be 
attributed to the promotive role of Rac on 
colitis.

EHT-1864 has been used as an efficient agent 
in various diseases [10, 12, 13]. However, the 
effect of EHT-1864 on colitis and CAC has not 
been previously investigated. In the present 
study, we demonstrated that EHT-1864 treat-
ment has an efficient inhibitory effect on DSS-
induced acute and chronic colitis and AOM/
DSS-induced CAC formation. We also found 
that the injection of EHT-1864 notably prevents 
pro-inflammatory cell infiltration in colon tis-
sues and pro-inflammatory cytokine expression 
via downregulating Rac family protein expres-
sion. This study established a foundation for 
understanding the preventive roles of EHT-
1864 in colitis and CAC, and elucidate novel 
strategies and targets for colitis and CAC thera-
py. However, the DSS-induced colitis model of 
IBD does not precisely recapitulate the condi-
tions present in human IBD [1, 23]. Thus, there 
is a long way to go before EHT-1864 can be 
used as a therapeutic agent in a clinical 
setting.

In conclusion, we demonstrated the upregula-
tion of Rac family protein in colitis and the pre-
vention role of EHT-1864, the specific inhibitor 
of Rac, in colitis and CAC. It is suggested Rac 
family protein are potential therapeutic targets 
for colitis and CAC, that acts via regulation of 
the immune microenvironment in mice. Notably, 
the present study provided a solid foundation 
for understanding the expression and function 
role of Rac in colitis and CAC, and identified a 
novel strategy and target for colitis and CAC 
therapy.
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