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Abstract
Introduction: Alcohol increases the risk of colon cancer. Co-
lonic inflammation mediates the effects of alcohol on colon 
carcinogenesis. Circadian rhythm disruption enhances the al-
cohol’s effect on colonic inflammation and cancer. Objective: 
Here, we investigate the diurnal variation of lymphocyte infil-
tration in the colonic mucosa in response to alcohol. Meth-
ods: Sixty C57BL6/J mice were fed a chow diet, and gavaged 
with alcohol at a specific time once per day for 3 consecutive 
days. Immunohistochemistry and immunofluorescence stain-
ing were used to quantify total, effector, and regulatory T cells 
in the colon. Student’s t test, one-way ANOVA, and two-way 
ANOVA were used to determine significance. Results: Follow-
ing the alcohol binge, the composition of immune T cell sub-
sets in the mouse colon was time-dependent. Alcohol did not 
alter the total number of CD3+ T cells. However, upon alcohol 
treatment, T-bet+ T helper 1 (Th1) cells appeared to dominate 
the T cell population following a reduction in Foxp3+ regula-
tory T cell (Treg) numbers. Depletion of Tregs was time-de-
pendent, and their numbers were dramatically reduced when 
alcohol was administered during the rest phase. A reduction 
in Tregs significantly increased the Th1/Treg ratio, resulting in 
a more proinflammatory milieu. Conclusions: Alcohol en-
hanced the proinflammatory profile in the colon mucosa, as 
demonstrated by a higher T-bet+/Foxp3+ ratio, especially dur-
ing the rest phase. These findings may partly account for the 
interaction of circadian rhythm disruption with alcohol in co-
lon inflammation and cancer. © 2020 S. Karger AG, Basel

Introduction

Alcohol is an established risk factor for colon cancer 
(CRC) [1, 2]. The mechanisms of alcohol-induced CRC 
remains largely unknown, but accumulative evidence 
suggests that colonic inflammation mediates the effects of 
alcohol on colon carcinogenesis [3, 4]. The composition 
of mucosal immune cells is important in regulating the 
colonic epithelial barrier. Impaired epithelial barrier 
function results in the passage of proinflammatory con-
tents of the gut through the mucosa, leading to local and 
systemic inflammation and a predisposition to intestinal 
as well as extraintestinal alcohol-induced organ damage 
[5]. Inflammatory homeostasis in the colon is maintained 
by the suppressive activity of regulatory T cells (Tregs). 
Tregs are characterized by the expression of the transcrip-
tion factor forkhead box P3 (Foxp3) and have been iden-
tified as key mediators in resolving tissue inflammation. 
Decreased Treg recruitment has been shown to be associ-
ated with dysregulated mucosal immunity and early steps 
of colon carcinogenicity [6–8]. Several chemokines are 
involved in Treg recruitment, which may be affected by 
alcohol [8]. Tregs exert their anti-inflammatory function 
by controlling the differentiation of naïve T cells into T 
helper 1 (Th1) cells [9]. T-bet+ Th1 cells promote proin-
flammatory responses, recruit macrophages, and pro-
duce TNF-α and IFN-γ [10, 11]. Factors that enhance al-
cohol-induced colonic inflammation may promote alco-
hol-induced CRC. Indeed, our group has previously 
shown that one such cofactor could be circadian rhythm 
disruption, which can exacerbate colonic inflammation 
in conjunction with alcohol [12–14]. Molecular clock is 
expressed within the adaptive immune system as well. 
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Circadian rhythms have been reported in T cell respons-
es [15], leukocyte trafficking [16], cell surface receptor 
expression, and cytokine and chemokine expression [17–
19]. In this study, we describe an abundance of total and 
subset T cell populations in the mouse colon following 
alcohol treatment to test the hypothesis that alcohol alters 
colonic T cell subset populations and that these altera-
tions are time-dependent. 

Materials and Methods

Animal Model
Male C57BL6/J mice (aged 6–8 weeks; Jackson Laboratories) 

were fed a standard chow diet (Teklad Envigo #2018) for 4 weeks as 
described [20], within IACUC-approved, ventilated, light-tight cab-
inets. Mice were maintained on a constant 12-h light/dark cycle for 
the duration of the experiment. By convention, the time of light on-
set is referred to as Zeitgeber time (ZT) of zero i.e., ZT0, and lights-
off time is referred to as ZT12. All procedures conducted during the 
dark phase (i.e., ZT12–ZT0) were performed under red-light condi-
tions. Mice were randomly assigned to receive either alcohol or ve-
hicle control (PBS), following the NIAAA model of alcohol binge 
[21]. During the last week of the study, i.e., on days 43–45, the mice 
received a total of 3 once-daily gavages of alcohol or PBS (6 g/kg/
day) at the same time point each day. Each group (n = 5) received 
the binge treatment at a specific time each day, namely at ZT0, ZT4, 
ZT8, ZT12, ZT16, or ZT20. The animals were euthanized by con-
scious decapitation 4 h after the third gavage on day 45. Using this 
protocol, it has been shown that serum alcohol level at sacrifice is 
not affected by time, with mean serum alcohol level per ZT not ex-
ceeding 1 mM [22]. Proximal colon was collected every 4 h/cohort 
across the diurnal cycle, starting at ZT0. Tissue was then formalin-
fixed and paraffin-embedded before sectioning at 3–4 µm.

Immunohistochemistry 
Immunoperoxidase (IP) and immunofluorescence (IF) stain-

ing were performed according to an established protocol [23]. Tis-
sue samples were first deparaffinized and rehydrated in xylene and 
EtOH gradients. Slides were then heated in 5% antigen retrieval 
(S1699, DAKO) and probed with primary antibodies. Antibodies 
were used at the following concentrations: CD3 1: 100 (ab5690, Ab-
cam), T-bet 1: 400 (ab91109, Abcam), and IF: Foxp3 1: 200 (14–
5773–82, eBioscience). Biotinylated secondary antibodies were 
used in a 1: 200 concentration, goat anti-rabbit (BA-1000, Vector 
Laboratories), horse anti-mouse (BA-2000, Vector Laboratories), 
IF: donkey anti-rat (Alexa Fluor 488, Thermofisher). Sections were 
then incubated in ABC complex (PK-6100, Vector Laboratories) 
for 75 min. Diaminobenzidine (D5637–1G, Sigma-Aldrich) was 
used for the color development of IP stains. Slides were stained 
with DAPI (D3571, ThermoFisher) before mounting using aque-
ous media (Fluoromount, Sigma-Aldrich). 

Microscopic Analysis
IP images were obtained using a light microscope (Leica DMR; 

×63.3. IF images were obtained using a fluorescence microscope 
(Olympus IX81; ×40. For each of the 60 samples stained, 7 blinded 
and randomly chosen fields were imaged per antibody. Proximal 
colon tissue has an endogenously high lipid content which may 
cause autofluorescence; caution was taken to ensure only positive 
cells were counted. Identified FITC green-positive cells were over-
laid with DAPI (blue) and CY3 (red) channels in order to eliminate 
autofluorescence and nonspecific false-positives. Cells that fluo-

resced in the green and red channels were determined to be a 
product of autofluorescence, as no red-conjugated antibodies 
were used. Manual counting was possible due to the small num-
ber of positive cells for all cell markers. Cell size varied, so tradi-
tional counting software would have been less accurate. Manual 
counting was performed by a single independent blinded inves-
tigator, counting all samples twice and taking the average. To 
avoid any potential scoring bias, a subset of images was scored by 
another blinded independent investigator; the results were deter-
mined to be uniform (online suppl. Fig. A; see www.karger.com/
doi/10.1159/000507124). The surface area of the tissue was deter-
mined using BioPix software (BioPix AB) counting only the fluo-
resced tissue area and discarding the black background; this re-
sulted in the number of positive cells/mm2. 

Statistical Analysis
For all analyses, statistics were performed on mean positive cells 

divided by mean tissue area (proximal colon lamina propria). First, 
we evaluated average cells/tissue area over 6 ZTs (24 h) for the con-
trol and alcohol groups (n = 30) using unpaired Student’s t test. 
Next, we evaluated the effect of treatment time point in the light (rest 
phase; mean of ZT0, ZT4, and ZT8) and in the dark (activity phase; 
mean of ZT12, ZT16, and ZT20) (n = 15) using unpaired Student’s 
t test and two-way ANOVA. It has recently been shown that at the 
start of both murine and human activity cycles, leukocyte trafficking 
in tissues is at its greatest [15]; it thus stands to reason that immune 
cells may be present mostly in the gut tissue at this time. A priori, 
we decided that the onset of the activity phase (dark; ZT12) would 
be a valuable point for analysis (by unpaired Student t test). In ad-
dition to finding mean positive cells at ZT12, we analyzed mean 
positive cells at each ZT binge time point (n = 5) using one-way 
ANOVA for the control and alcohol-treatment groups. Finally, we 
analyzed differences in average cells/tissue area between each con-
trol and alcohol binge ZT (n = 5) using two-way ANOVA and a 
priori post hoc comparison (unpaired Student’s t test). All statistical 
analyses were performed with GraphPad Prism (GraphPad soft-
ware), and SPSS (IBM) (p < 0.05 was considered significant).

Results

Alcohol Effect on CD3+ T Cells in the Colon
CD3 is the T cell receptor present on the surface of 

most T cells. There appeared to be a diurnal fluctuation 
in the abundance of CD3+ cells in the colon of control 

Fig. 1. CD3+ T cells in the proximal colon. Proximal colon samples 
of mice treated with PBS or alcohol binge at the same time point 
each day stained for CD3, the T cell receptor, using IP staining.  
a Mean CD3+ T cells counts of all ZTs collected over 24 h (n = 30) 
unpaired Student’s t test, p = ns. b Mean CD3+ T cells following 
treatment during active/rest phases (n = 15) two-way ANOVA and 
a priori post hoc comparison via Student’s t test, p = ns. c Mean 
CD3+ T cells at each ZT. PBS treatment (left), alcohol treatment 
(right) (n = 5) analyzed via one-way ANOVA, p = ns; a priori post 
hoc comparison via unpaired Student’s t test, ** p < 0.008. d Rep-
resentative photomicrographs depicting CD3+ T cells at ZT4, 
ZT12, and ZT16. e Mean CD3+ T cells counts at separate ZTs for 
both PBS and alcohol groups (n = 5) analyzed via two-way ANO-
VA and a priori post hoc comparison via unpaired Student’s t test, 
p = ns. ZT, Zeitgeber time.

(For figure see next page.)
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animals, but this failed to reach statistical significance. 
Neither the alcohol treatment nor the period of treatment 
(rest vs. active phase) affected the overall abundance of 
mucosal CD3+ cells in the colon (Fig. 1a–b). However, in 
the alcohol-treated mice, CD3+ T cells at ZT12 were sig-
nificantly more abundant than at ZT4 and ZT16 (Fig. 1c–
d). Overall, two-way ANOVA did not reveal any signifi-
cant effects of alcohol or time of day (Fig. 1e) on the total 
number of CD3+ T cells in the colon.

Alcohol Reduced Foxp3+ Tregs in the Colon in a  
Time-Dependent Manner
Mucosal inflammation in colon cancer is characterized 

by a proinflammatory state, with a higher ratio of proin-
flammatory T cells to Foxp3+ Tregs [24, 9, 25–27]. Thus, 
we stained for Foxp3, the transcription factor in Tregs. 
Alcohol treatment significantly reduced the average num-
ber of Foxp3+ Tregs in the colon (Fig. 2a). Interestingly, 
the alcohol versus control effect on the abundance of 
Foxp3+ cells was significant if alcohol was given during the 
rest phase (Fig.  2b). There were also significantly fewer 
Foxp3+ Tregs present in the colon of mice treated with al-
cohol during the rest phase than during the active phase 
(Fig. 2b–c). While the diurnal fluctuations in Foxp3+ cells 
per individual ZT showed no significant effect of time 
(Fig. 2d, left), the time effect was significant in the alcohol-
treated group (Fig. 2d, right), indicating a diurnal varia-
tion in alcohol’s effect on the abundance of colonic Foxp3+ 
cells. Overall, there was a significant effect of time as well 
as alcohol treatment, with alcohol dramatically reducing 
the number of Foxp3+ Tregs present in the colon (Fig. 2e).

T-bet+ Th1 Cells in the Colon in Response to Alcohol
We next stained for T-box transcription factor (T-

bet+), a transcription factor of Th1 cells. Alcohol did not 
impact the average number of T-bet+ cells (Fig. 3a) over 
24 h. While the effect of alcohol on T-bet+ cell count did 

not appear to be different between the rest phase (ZT0, 
ZT4, and ZT8) and active phase (ZT12, ZT16, and ZT20), 
the control group had less colonic T-bet+ cells than the 
alcohol-treated group during the active phase (Fig. 3b). 
Overall, we did not observe a significant diurnal variation 
per ZT in either the control or alcohol-binge group 
(Fig. 3d).

Alcohol Effect on the Proinflammatory State in the 
Colon Is Time-Dependent
T-bet+ cells dominated the T cell milieu following al-

cohol use, indicating stimulation of the Th1 response to 
the alcohol. To better assess the possible proinflamma-
tory milieu in the colon following alcohol treatment, we 
assessed the T-bet+-to-Foxp3+ ratio in alcohol-treated 
and control mice over time; the alcohol treatment was 
found to triple this ratio compared to the PBS treatment. 
(Fig. 4a, left). Interestingly, this ratio was highest when 
alcohol was administered during the light (rest) phase 
(Fig. 4a, right). Overall, we observed that the abundance 
of colonic Tregs was downregulated by alcohol, particu-
larly when alcohol was given during the rest phase. With 
their numbers depleted by the alcohol, the Foxp3+ Tregs 
may no longer have been available to downregulate Th1 
cell differentiation in this environment. Overall, these 
data highlight the immune-modulating effects of the al-
cohol treatment and its interaction with time in promot-
ing proinflammatory consequences in the colon.

Discussion

Alcohol-induced CRC has also been shown to be as-
sociated with a proinflammatory state in the colon. This 
study is the first to address the role of time in the mucosal 
immune response to alcohol in the colon. We describe the 
abundance of total and subset T cell populations in the 
colon of mice following alcohol treatment at 6 different 
time points throughout the day. Our findings revealed 
that alcohol intake, particularly during the rest phase, is 
associated with a proinflammatory T cell milieu in the 
mouse colon. The impact of alcohol on mucosal immu-
nity composition in the colon, the principal site of alco-
hol-induced leaky gut and dysbiosis [24, 26, 27], has re-
mained understudied. In the small intestine, chronic al-
cohol intake has been shown to result in dysregulated 
immune cell function, more so than a reduction in T cell 
numbers [28, 29]. Although we found a slight reduction 
in the number of CD3+ T cells upon treatment with alco-
hol, this did not reach significance. In the jejunum of ma-
caques, chronic alcohol has been shown to reduce CD4+ 
T cells as well as effector memory T cells [28]. While 
chronic alcohol may have an immunosuppressive effect 
in the gut, in our model of acute alcohol binge, the ratio 

Fig. 2. Foxp3+ Tregs in the proximal colon. Proximal colon sam-
ples of mice treated with PBS or alcohol binge at the same time 
point each day stained for Foxp3 using IF staining. a Mean Foxp3+ 
cell counts at all ZTs over 24 h (n = 30), unpaired Student’s t test, 
** p < 0.01. b Mean Foxp3+ Tregs following treatment during ac-
tive/rest phases (n = 15) two-way ANOVA, alcohol binge p < 0.01, 
binge time p = ns, interaction p = ns; a priori post hoc comparison 
via Student’s t test, * p < 0.03. c Representative photomicrographs 
depicting Foxp3+ Tregs during active/rest phases. d Mean Foxp3+ 
Tregs at each ZT (n = 5). Left: PBS; one-way ANOVA, p = ns; a 
priori post hoc comparison via unpaired Student’s t test, p = ns. 
Right: alcohol; one-way ANOVA, p < 0.001; a priori post hoc com-
parison via unpaired Student’s t test, ** p < 0.01, *** p < 0.001.  
e Mean Foxp3+ Tregs cell count at separate ZTs for both PBS and 
alcohol groups (n = 5); two-way ANOVA, alcohol binge p < 0.008, 
binge time p < 0.05, interaction p = ns; a priori post hoc compari-
son via unpaired Student’s t test, p = ns.
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Fig. 3. T-bet+ Th1 cells in the proximal colon. Proximal colon 
samples of mice treated with PBS or alcohol binge stained for T-
bet using IP staining. a Mean T-bet+ Th1 cell count of all ZTs col-
lected over 24 h (n = 30); Student’s unpaired t test, p = ns. b Mean 
T-bet+ Th1 cells during active/rest phases (n = 15), two-way 
ANOVA, p = ns; a priori post hoc comparison via unpaired Stu-
dent’s t test, * p < 0.05. c Representative photomicrographs depict-

ing T-bet+ Th1 cells at ZT20. d Mean T-bet+ Th1 cells at each ZT 
(n = 5); one-way ANOVA, p = ns; a priori post hoc comparison 
via Student’s t test, p = ns. e Mean T-bet+ Th1 cell counts at sepa-
rate ZTs for both PBS and alcohol groups (n = 5); two-way ANO-
VA, p = ns; a priori post hoc comparison via unpaired Student’s t 
test, * p < 0.03.
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of colonic Th1 cells-to-Tregs increased. Alcohol binge in-
duced a significant reduction in Foxp3+ Tregs, which are 
known to produce the immunosuppressive cytokine IL-
10. IL-10 decreases the production of inflammatory cyto-
kines such as TNF-α, IL-1, and IL-6 [30]. 

A reduction in Foxp3+ Tregs during the acute phase 
of alcohol treatment may have resulted in an immune-
dysregulated state in which inflammation could be 
primed. Supporting this, we found that T-bet+ Th1 cells 
dominated the CD3+ T cell subset population following 
alcohol treatment. Upon differentiation, immune cells 
leave the mesenteric lymph nodes and traffic to the intes-
tine via a gradient of chemokines released by damaged 
epithelial cells and resident immune cells [31]. While al-
cohol is known to affect immune cell differentiation [32, 
33], the diurnal variation of immune cell abundance in 
the colon that we saw in response to the alcohol is possibly 
not explained by differentiation alone. Consistent with 
this, we recently reported that numbers of effector T cells 
and Tregs in the mesenteric lymph nodes did not differ 
in the alcohol-treated mice fed in the active phase and the 
rest phase [14]. Leukocyte levels in peripheral tissues usu-
ally peak at the onset of the active phase (i.e., the dark 
phase for mice) [17, 19]. Our data suggest that the effect 
of alcohol on T cell trafficking to the colon could be dis-
tinct in these 2 phases, with alcohol consumed during the 
rest phase resulting in a proinflammatory T cell milieu in 
the colon. In our study, we did not find a higher average 
number of leukocytes in the colon tissue present during 
the active phase than during the rest phase. However, in 
alcohol-treated mice, colonic Foxp3+ Tregs in the active 

phase were more abundant than in the rest phase. The T-
bet+ Th1 numbers increased significantly in the colon of 
mice treated with alcohol during the active phase. Over-
all, the abundance of colonic Foxp3+ Tregs was signifi-
cantly affected by both alcohol treatment and the time of 
treatment. How the time point of alcohol intake affects 
colonic immune cell abundance, and whether trafficking, 
rather than T cell proliferation and differentiation, ac-
counts for the diurnal effect of alcohol on colonic leuko-
cytes needs to be further established [34, 12]. In summary, 
our data suggest that the composition of immune cell 
subsets in the colon tissue in response to alcohol could be 
time-dependent. Following alcohol treatment, we ob-
served a predominant Th1 lymphocyte population with 
reduced Treg numbers. This reduction in Tregs leads to 
a significant increase in the Th1 cell-to-Treg ratio, which 
tips the balance towards a more proinflammatory milieu. 
This effect was time-dependent, with Tregs most readily 
reduced when alcohol was administered during the rest 
phase. The time variation of the colon immune cell milieu 
in response to alcohol may partly explain the promoting 
effect of circadian rhythm disruption on alcohol-induced 
colon inflammation and CRC.
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Fig. 4. T-bet+ Th1 cells dominated the T cell milieu following the alcohol binge. a Left: T-bet+ Th1:Foxp3+ Treg 
ratio following PBS and alcohol binge. Right: T-bet+ Th1:Foxp3+ Treg ratio following alcohol binge during the 
rest phase (ZT0/4/8) and active phase (ZT12/16/20).
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