
Original Article
L-cell Arntl is required for rhythmic glucagon-
like peptide-1 secretion and maintenance of
intestinal homeostasis
Sarah E. Martchenko 1, Alexandre Martchenko 1, Andrew D. Biancolin 1, Alison Waller 2,
Patricia L. Brubaker 1,3,*
ABSTRACT

Objective: Recent studies using whole-body clock-disrupted animals identified a disruption in the circadian rhythm of the intestinal L-cell
incretin hormone, glucagon-like peptide-1 (GLP-1). Although GLP-1 plays an essential role in metabolism through enhancement of both glucose-
stimulated insulin secretion and satiety, recent evidence has also demonstrated its importance in regulating intestinal and microbial homeostasis.
Therefore, using in vivo and in vitro models, this study assessed the role of the core circadian clock gene Arntl in the regulation of time-dependent
GLP-1 secretion and its impact on the intestinal environment.
Methods: Oral glucose tolerance tests were conducted at zeitgeber time 2 and 14 in control and inducible Gcg-Arntl knockout (KO) mice. Colonic
intraepithelial lymphocytes were isolated, mucosal gene expression analysis was conducted, and 16S rRNA gene sequencing of colonic feces as
well as analysis of microbial metabolites were performed. Time-dependent GLP-1 secretion and transcriptomic analysis were conducted in
murine (m) GLUTag L-cells following siRNA-mediated knockdown of Arntl.
Results: Gcg-Arntl KO mice displayed disrupted rhythmic release of GLP-1 associated with reduced secretion at the established peak time point.
Analysis of the intestinal environment in KO mice revealed a decreased proportion of CD4þ intraepithelial lymphocytes in association with
increased proinflammatory cytokine gene expression and increased colonic weight. Moreover, increased Actinobacteria within the colonic
microbiome was found following L-cell Arntl disruption, as well as reductions in the microbial products, short chain fatty acids, and bile acids.
Finally, siRNA-mediated knockdown of Arntl in mGLUTag L-cells resulted in both impaired time-dependent GLP-1 secretion and the disruption of
pathways related to key cellular processes.
Conclusions: These data establish, for the first time, the essential role of Arntl in the intestinal L-cell in regulating time-dependent GLP-1
secretion. Furthermore, this study revealed the integral role of L-cell Arntl in mediating the intestinal environment, which ultimately may provide
novel insight into the development of therapeutics for the treatment of intestinal and metabolic disorders.

� 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

The incretin hormone glucagon-like peptide-1 (GLP-1) is secreted from
enteroendocrine L-cells in response to nutrient intake [1,2]. The ability
of GLP-1 to enhance both glucose-stimulated insulin secretion and
satiety has led to the development of GLP-1 receptor agonists for the
treatment of type 2 diabetes and obesity [1,2]. In addition to these
well-established metabolic effects, recent studies have also implicated
GLP-1 as an important mediator of the local intestinal environment
through the regulation of inflammation, microbial composition, and
mucosal mass [3e5]. Furthermore, intraepithelial lymphocytes (IELs)
not only express the GLP-1 receptor, but also modulate systemic GLP-
1 bioavailability [3,6]. Although GLP-1 secretion is known to be
regulated by nutrient ingestion, circulating hormones, the
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parasympathetic nervous system, and microbial metabolites, recent
studies have also demonstrated that the intestinal L-cell is under
circadian control, with peak release of GLP-1 occurring at the onset of
the dark/active period in rodents and differential secretion by time of
day in humans [7e12].
Circadian rhythms are endogenous biological rhythms with a phase of
approximately 24 h. They have developed over evolutionary time as an
adaptive response to diurnal variations in the environment, mainly the
external lightedark cycle [13e15]. On the molecular level, these
rhythms are generated through the heterodimerization and binding of
BMAL1 (aryl hydrocarbon receptor nuclear translocator-like protein 1
(ARNTL) or brain and muscle (ARNT-Like 1)) and CLOCK to the E-box
promoter elements of the Period (Per1/2/3) and Cryptochrome (Cry1/2)
genes. PER1-3 and CRY1/2 then provide feedback to suppress BMAL1/
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Abbreviations

BAs Bile acids
IELs Intraepithelial lymphocytes
KD Knockdown
KO Knockout
OGTT Oral glucose tolerance test
SCFAs Short-chain fatty acids
ZT Zeitgeber

Table 1 e List of Antibodies for Immunofluorescence.

Primary Antibody RRID Secondary Antibody RRID

Mouse anti-GLP-1 AB_447455 Anti-mouse IgG AB_330924
Rabbit anti-ARNTL AB_10675117 Anti-rabbit IgG AB_2099233
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CLOCK, thus forming a self-sustained autoregulatory transcriptional/
translational feedback loop [13e15]. Although originally described in
the suprachiasmatic nuclei of the hypothalamus, which has been
termed the master clock, peripheral metabolic tissues, including the
gastrointestinal tract, pancreatic a and b cells, hepatocytes, skeletal
muscle, and adipose tissue have all been shown to have cell-
autonomous circadian rhythms [16e23]. Furthermore, circadian os-
cillations in the composition and function of the gut microbiome have
been demonstrated and are critical for circadian gene rhythmicity in
intestinal epithelial cells [24e28]. Consistent with these findings,
whole-body clock knockout (KO) mouse models have been shown to
develop metabolic abnormalities as well as microbial dysbiosis
[17,25,29e33]. However, it is the generation of tissue-specific clock
gene KO models that has provided invaluable insight into the role of the
circadian clock in regulating distinct functions within these tissues
[29,34e38].
Recent work using whole-body Arntl KO mice as well as primary in-
testinal cultures generated from these animals has implicated the
circadian clock as a key determinant of the GLP-1 response to se-
cretagogues [8,39]. However, the role of L-cell Arntl in mediating
diurnal GLP-1 release and, thus, in establishing metabolic and intes-
tinal homeostasis remains unknown. Herein, through inducible KO of
Arntl in the intestinal L-cell using a Gcg-cre transgenic model, we
demonstrate for the first time a crucial role for L-cell Arntl in regulating
the time-dependent stimulation of GLP-1 secretion. Targeted disrup-
tion of Arntl also resulted in alterations in the intestinal, immune, and
microbial environment within the mouse colon, suggesting a direct role
for rhythmic L-cell secretion in mediating the intestinal environment.
Arntl knockdown (KD) and subsequent GLP-1 secretion and tran-
scriptomic analysis in the murine (m) GLUTag L-cell line provided
additional mechanistic insight into the role of the core clock gene Arntl
in regulating rhythmic L-cell secretion. Taken together, these data
provide novel insight into the role and function of L-cell Arntl that may
ultimately facilitate development of time-dependent treatments for
metabolic and/or intestinal diseases.

2. MATERIAL AND METHODS

2.1. Animal model
C57BL/6J Arntlflox/flox (Arntlfl/fl) mice that were originally purchased from
Jackson Laboratories were crossed with C57BL/6J Gcg-CreERT2/
þ;Rosa26-GCamP3fl/fl mice (Gcg-CreERT2/þ) [40] to generate Gcg-Arntl
KO mice upon administration of tamoxifen (1 mg/100 mL sunflower oil
i.p. for 5 days) [40,41]. The Gcg-cre transgene has previously been
reported to be expressed in the intestinal L-cell, the pancreatic a-cell,
and select neurons of the central nervous system [40]. Age (7e11
weeks)-, sex (male and female)-, and littermate-control (Gcg-CreERT2/þ

and Arntlfl/fl mice with and without (i.e., vehicle alone) tamoxifen and
Gcg-CreERT2/þ; Arntlfl/fl mice without tamoxifen) mice were employed
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for all studies. All animals had free access to regular chow diet (2018
Teklad; Envigo) and water and were housed under a 12-hour light/12-
hour dark cycle (with zeitgeber time (ZT) 0 being 06:00). All studies
were conducted 7 days after the final tamoxifen injection to allow for an
adequate wash-out period [40,42,43]. All animal work was approved by
the Animal Care Committee at the University of Toronto and followed the
guidelines set out by the Canadian Council on Animal Care.

2.2. Oral glucose tolerance tests (OGTTs)
OGTTs (5 g glucose/kg body weight) were conducted on 4-hour fasted
mice at ZT2 (established trough of GLP-1 secretion) and ZT14
(established peak of GLP-1 secretion) with their basal blood glucose
being measured prior to the oral gavage of glucose (t ¼ 0 min)
[8,40,41]. Tail vein blood was collected and blood glucose was
measured using a OneTouch meter (LifeScan, Burnaby, BC, Canada) at
t ¼ 0, 10, and 60 min. Plasma GLP-1, insulin, and glucagon were
analyzed at the same time points by MesoScale Discovery Assay, and
plasma GIP was measured by Millipore ELISA.

2.3. Gravimetric, morphometric, and immunometric analyses
The colon was isolated and rinsed with ice-cold PBS. Weight and
length were measured using a 2.8 g weight to provide constant ten-
sion. A 2-cm section of colon was collected into formalin for paraffin
embedding, sectioning, and staining with hematoxylin & eosin (Pa-
thology Research Program, University Health Network, Toronto, ON).
Colon crypt depth was measured in blinded fashion using a Zeiss
microscope with AxioVision software (Zeiss Microscopy Canada), with
at least 20 well-oriented crypts measured from each mouse, to make
n ¼ 1. Crypt number was determined per intestinal cross-section by
counting all well-oriented crypts in a blinded fashion, making n¼ 1 for
each mouse.
Colonic sections were stained using anti-GLP-1 and anti-ARNTL pri-
mary antibodies (Abcam) with Alexa Fluorecoupled secondary anti-
bodies (Table 1). GLP-1 staining was used to obtain the region of
interest for quantification of ARNTL pixel fluorescence using a Nikon
Swept Field Confocal microscope with NIS-Elements Imaging software
(Nikon Corporation). Five cells were analyzed per mouse to make
n¼ 1. The total number of L-cells was counted in 3 transverse colonic
sections and normalized to one section per mouse to make n ¼ 1.

2.4. Gene expression analyses
RNA was isolated from colonic mucosal scrapes using the RNeasy Plus
Mini Kit (Qiagen Inc.) and cDNA was generated using 5x All-in-One RT
Mastermix (Applied Biological Materials Inc.). Quantitative reverse-
transcriptase polymerase chain reaction (qRT-PCR) was performed
using the Taqman Gene Expression Assay (ThermoFisher) with primers
(ThermoFisher) as listed in Table 2. Data were analyzed using the
DDCT method, with 18S as the internal control.

2.5. Lymphocyte collection and flow cytometry
Colonic IELs were obtained as previously described [9]. In brief, the
colon was divided into 2-cm segments and incubated with Hank’s
Balanced Salt Solution þ5 mM dithiothreitol for mucus removal. After
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 2 e List of Primer Sequences.

Target Product Number

Tnf Mm00443258_m1
Ifng Mm01168134_m1
Il6 Mm00446190_m1
Il10 Mm01288386_m1
Tgfb Mm01178820_m1
18S Hs99999901_s1
two consecutive 10 min incubations with 5 mM EDTA, IELs were
collected. LIVEeDEAD fixable aqua dead cell stain (ThermoFisher) was
used to exclude dead cells from single-cell suspensions. Prior to flow
cytometric analysis, suspensions were incubated in flow cytometry
staining buffer with Anti-Mo CD16/CD32 (ThermoFisher, Clone93) for
the blocking of non-specific binding of antibodies to Fc receptors.
Staining for cell surface antigens was conducted using the antibodies
listed in Table 3, and fixation was carried out using the eBioscience
Foxp3/Transcription Factor Staining Kit (ThermoFisher). Flow cytom-
etry was conducted using the LSRFortessa Cell Analyzer (BD Bio-
sciences) running FACSDiva acquisition software. Data were analyzed
using FlowJo v10.

2.6. Microbiome and microbial product analyses
Colonic fecal DNA was isolated using the DNeasy PowerSoil Kit (Qiagen
Inc.), and 16S rRNA gene sequencing was performed by the Centre for
the Analysis of Genome Evolution & Function (University of Toronto,
Toronto, Ontario, Canada). Short-chain fatty acids (SCFAs) and bile
acids (BAs) from the cecal feces were analyzed by gas
chromatographyemass spectrometry and liquid chromatographye
mass spectrometry (Biocrates), respectively, by the Analytical Facility
for Bioactive Molecules at the Hospital for Sick Children (Toronto,
Ontario, Canada).
16S rRNA gene sequencing data analysis was performed as previously
described using R Statistical Programming language [9]. The Phyloseq
package was used to read OTU counts and agglomerate them at the
taxonomic levels of Family, Phylum, Genus, and Species. The ALDEx R
package was used to compare relative abundances, estimating the
technical variation inherent to high-throughput sequencing by Monte
Carlo sampling from a Dirichlet distribution. Subsequently, ANOVA-like
t-tests were performed with 250 Monte Carlo samples, with Benjamin
Hochberg adjustment of p-values.

2.7. Cell culture
The colonic mGLUTag L-cell line was chosen as a model of the in-
testinal L-cell, as it has been demonstrated to exhibit a cell-
autonomous circadian clock [7,8,39,44] and possess similarities to
primary L-cells in terms of protein expression and regulation of GLP-1
secretion [45,46]. mGLUTag L-cells were grown in Dulbecco’s modi-
fied Eagle’s medium (DMEM, Gibco, Waltham, MA, USA) with 25 mmol/
L glucose and 10% FBS and synchronized using a previously estab-
lished protocol [7,8,39,40]. In brief, cells were incubated for 12 h with
Table 3 e List of Antibodies for Cell Sorting.

Target Fluorophore

CD3 PE-Cy7
TCRb eFluor 450
CD8a Alexa Fluor 700
CD8b APC
CD4 APC-eFluor 780
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0.5% FBS media to induce quiescence, after which they were treated
with 20 mM forskolin (SigmaeAldrich, Oakville, ON, Canada) for 1 h,
with the media subsequently being changed to growing media for 8 h
(established peak of GLP-1 secretion) and 20 h (established trough of
GLP-1 secretion) [7,8,39].
Arntl KD was conducted using ON-TARGETplus siRNA for Arntl with
ON-TARGETplus Non-targeting Pool scRNA as a control (Dharmacon
Inc., Lafayette, CO, USA), based on a previously established protocol
[8,40]. In short, a reverse-transfection protocol was utilized using the
siRNA constructs in combination with Dharmafect3. Media for both the
serum starvation (0.5% FBS), serum shock (10% FBS with forskolin),
and all subsequent incubations included siRNA or scRNA in combi-
nation with Dharmafect3, as appropriate. Cells were then analyzed for
GLP-1 secretion or extracted for RNA-sequencing analysis.

2.8. GLP-1 secretion assay
At 8 and 20 h post-synchronization, cells were incubated for 2 h in
0.5% DMEM containing vehicle or the known secretagogue, 10�7 M
GIP [7,8,39,40,44]. Peptides in the media and cells were isolated by
reversed-phase adsorption using C18 Sep-Pak cartridges (Waters
Associates, Milford, MA, USA), and GLP-1 levels were measured using
a Total GLP-1 Radioimmunoassay kit (GLP-1T-36HK, Millipore, Etobi-
coke, ON, Canada). GLP-1 secretion was represented as the percent of
GLP-1 in the media over the total GLP-1 content (media þ cells).

2.9. RNA sequencing
RNA was extracted using the RNeasy Plus Mini Kit (Qiagen), and
sequencing was performed at the Donnelly Facility, University of
Toronto. Samples were run in 50 base paired-end reads and
sequencing data were then mapped using the Kallisto pseudo-
alignment [47]. Count tables were assembled using the tximport
[48] and normalized using the EdgeR R packages [49]. Genes with very
low expression (<1) were removed, and the rest were normalized
using the a sinh method. Differential expression analysis was per-
formed using linear models through the R package limma [50] (Bio-
conductor) using an adjusted p-value of 0.01. Gene set enrichment
analysis was done through the limma function camera using the Bader
Lab gene set resource (http://download.baderlab.org/EM_Genesets).
Cytoscape plots were generated using EnrichmentMap [51,52], where
nodes represent up- or downregulated pathways (green pathways are
enriched to the scRNA condition, red are enriched to the siRNA con-
dition). Lines connecting nodes (edges) were established through an
overlap score based on the number of shared genes between the two
pathways. Clusters of functionally related gene sets were then grouped
and labelled.

2.10. Statistical analyses
Statistical analyses were conducted using GraphPad Prism. Data were
analyzed for significance by 2-way ANOVA, followed by appropriate
post hoc analysis for 3 or more groups or by Student’s t-test for two
groups. All data are expressed as mean � SEM.

3. RESULTS

3.1. L-cell Arntl is required for time-dependent L-cell secretion
Consistent with previous reports [8,9], time-dependent GLP-1 secre-
tion in control animals aligned with the normal rodent feeding and
fasting periods, with elevated GLP-1 secretion at ZT14 compared to
ZT2 in response to identical glucose loads (Figure 1A). A 22%
(p < 0.05) reduction in ARNTL fluorescent pixels was found in L-cells
from Gcg-Arntl KO animals (2196 � 192; n ¼ 3) compared to control
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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mice (2812 � 235; n ¼ 5), with no change in total L-cell number
(114 � 24 vs 126 � 20, respectively). Gcg-Arntl KO animals
demonstrated a loss of the glucose-stimulated GLP-1 secretory pattern
in association with reduced secretion at the ZT14 time point following
an OGTT, but did not display any changes in normal pattern of fasting
GLP-1 levels (Figure 1A and S1A). Interestingly, the reduced GLP-1
secretion observed in KO mice at ZT14 was independent of changes
in colonic mucosal proglucagon (Gcg) gene expression at that time
point (Figure S1B). To verify the specificity of Arntl disruption of the L-
cell within the intestine, the levels of the other incretin hormone,
glucose-dependent insulinotropic polypeptide (GIP), were examined.
As expected [9], control animals exhibited increased GIP secretion at
ZT14 compared to ZT2, with no differences in either fasting levels or
oral glucose-stimulated secretion being observed in Gcg-Arntl KO mice
(Figure 1B and S1C). Notably, control mice did not display rhythmicity
in glucagon levels between ZT2 and ZT14, likely a result of having only
two sampling timepoints. However, consistent with the role of the
circadian clock gene Arntl in pancreatic a-cell function [19] as well as
with expression of the Gcg-cre transgene in these cells [40], glucagon
Figure 1: L-cell Arntl KO mice display impaired time-dependent GLP-1 secretion. Ind
and (B) GIP following an OGTT in control and Gcg-Arntl KO animals. (C) Glucagon levels at Z
8; *p < 0.05, **p < 0.01, ***p < 0.001 (conducted by Student’s t-test for individual res
mice � tamoxifen and Gcg-CreERT2/þ; Arntlfl/fl mice without tamoxifen.
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levels were decreased in Gcg-Arntl KO mice at both ZT2 and ZT14
(Figure 1C). Consequently, 4-hour fasted Gcg-Arntl KO animals dis-
played hypoinsulinemia and normoglycemia, with no differences in
insulin secretion following oral glucose administration and only a slight
reduction in blood glucose at the ZT14 time point (Figures S1DeG).
Finally, no differences were observed in body weight or in 4-hour food
intake throughout the day/night cycle in the KO animals compared to
controls, suggesting a lack of effect of Arntl disruption in Gcg-
expressing neurons of the central nervous system (Figure 1D and S1H).
Together, these data establish the Gcg-Arntl KO animals as a model of
disrupted time-dependent L-cell secretion.

3.2. Disruption of L-cell Arntl alters the colonic immune
environment
Colonic IEL cell populations were characterized given that the ma-
jority of murine L-cells are localized to the colon [41,53,54] and that
the recent evidence depicts a tight interplay between GLP-1 and the
intestinal immune environment [3,4,6]. No time-dependent differ-
ences were observed in the CD8abþ, CD8aaþ, and CD4þ IELs
ividual responses at ZT2 and ZT14 as well as the corresponding DAUCs for (A) GLP-1
T2 and ZT14 and (D) 24-hour food intake in control and Gcg-Arntl KO animals. n ¼ 7e
ponses and 2-way ANOVA for DAUCs). Control mice include Gcg-CreERT2/þ and Arntlfl/fl
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between ZT2 and ZT14 in control mice; however, while the CD8abþ

and CD8aaþ cell populations did not differ between control and KO
animals, Gcg-Arntl KO mice had a reduced proportion of the CD4þ

cell population at the ZT14 time point (Figure 2AeC). Interestingly,
while pro-inflammatory cytokine expression analyses demonstrated
no differences in Tnf expression between control and KO mice, Ifng
and Il6 were markedly elevated in KO animals at both ZT2 and ZT14
(Figure 2DeF). No changes were found in the time-dependent
expression of the immunoregulatory, Tgfb, whereas Il10 expression
was increased in KO mice at ZT2 (Figure 2GeH). Consistent with
previous reports demonstrating increased intestinal weight in murine
models of inflammation [55], colonic weight in Gcg-Arntl KO animals
was significantly increased at both time points, independent of
colonic length (Figure S2AeB). However, this change was not
associated with alterations in either colonic crypt depth or number
(Figure S2CeD).

3.3. L-cell Arntl disruption alters the colonic microbiome
Given the known interplay between GLP-1, the host immune system,
and the microbiome [3,4,6,9,56,57], 16S rRNA sequencing of colonic
feces was conducted. Although no significant time-dependent changes
were observed between ZT2 and ZT14, KO animals demonstrated a
marked increase in the abundance of Actinobacteria and its major
Figure 2: L-cell Arntl KO mice display a pro-inflammatory colonic environment. Prop
(D) Tnf, (E) Ifng, (F) Il6, (G) Tgfb, and (H) Il10 mRNA expression in colonic mucosa, at ZT
***p < 0.001 (conducted by 2-way ANOVA). Control mice include Gcg-CreERT2/þ and A
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constituent family Bifidobacteriaceae at both time points (Figure 3AeC
and S3A-B). The increase in Actinobacteria in the state of GLP-1
deficiency observed herein parallels the findings from GLP-1 recep-
tor (GLP-1R) KO mice, which have also been reported to have elevated
Actinobacteria [3]. To assess potential changes in microbial function,
the major microbial products SCFAs and BAs were quantified in the
cecal contents. Although total SCFA levels did not display any time-
dependent changes, KO animals had reduced levels at ZT14, pre-
dominantly due to reduced acetic acid, in association with the reduced
GLP-1 secretion at this time point (Figure 3D and S3C). In contrast, BA
concentrations in control animals were largely elevated at ZT2
compared to ZT14, while KO mice displayed reduced levels of select
BAs at both time points compared to controls (Figure 3E and S4D).
These changes in microbially-generated products suggest not only
compositional but also functional changes in the microbiome of L-cell
Arntl-disrupted animals.

3.4. Arntl knockdown in the mGLUTag L-cells results in impaired
stimulation of GLP-1 secretion
To complement the in vivo findings of the role of L-cell Arntl in
mediating time-dependent GLP-1 release, siRNA-mediated KD of Arntl
was conducted in synchronized mGLUTag L-cells at the previously
established peak (8 h) and trough (20 h) secretory time points
ortion of (A) CD8abþ, (B) CD8aaþ, and (C) CD4þ on colonic TCRbþ cells, as well as
2 and ZT14 in control and Gcg-Arntl KO animals. n ¼ 7e8; *p < 0.05, **p < 0.01,
rntlfl/fl mice � tamoxifen and Gcg-CreERT2/þ; Arntlfl/fl mice without tamoxifen.
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Figure 3: L-cell Arntl KO mice display an altered microbial composition and function. Relative abundance of (A) phyla, (B) Actinobacteria, and (C) Bifidobacteriaceae in the
colonic microbiomes of control and Gcg-Arntl KO mice at ZT2 and ZT14. Quantification of cecal (D) total short-chain fatty acids (SCFAs) and (E) bile acids (BAs) at ZT2 and ZT14 in
control and Gcg-Arntl KO animals. n ¼ 7e8; *p < 0.05, **p < 0.01, ***p < 0.001 (conducted by 2-way ANOVA). Control mice include Gcg-CreERT2/þ and Arntlfl/fl

mice � tamoxifen and Gcg-CreERT2/þ; Arntlfl/fl mice without tamoxifen.
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[7,8,39,40,44]. scRNA treatment had no effect on cell synchronization,
as shown by the previously established anti-phasic expression of Arntl
and Per2 [7,8,39,44]. As expected, siRNA treatment resulted in
decreased Arntl expression at both the 8- and 20-hour time points,
with an associated loss of the temporal rhythm in Per2 (Figure 4AeB).
GLP-1 secretion by scRNA-treated cells revealed the expected increase
6 MOLECULAR METABOLISM 54 (2021) 101340 � 2021 The Author(s). Published by Elsevier GmbH. T
in the GLP-1 secretory response to GIP at 8 h in comparison to 20 h
[7,8,39] (Figure 4C). Consistent with previous reports demonstrating
that only stimulated GLP-1 release follows a circadian rhythm [7,8],
vehicle-treated scRNA mGLUTag L-cells did not display time-
dependent GLP-1 secretory differences between 8 and 20 h after
cell synchronization. However, siRNA-mediated Arntl KD resulted in
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 4: Arntl KD in mGLUTag L-cells results in impaired GLP-1 release. (A) Arntl, (B) Per2 clock gene expression, and (C) vehicle- and 10�7 M GIP-stimulated GLP-1
secretion at 8 and 20 h after synchronization in mGLUTag L-cells treated with either scRNA or Arntl siRNA. n ¼ 4e6; *p < 0.05, ***p < 0.001 (conducted by 2-way ANOVA).
impaired GLP-1 secretion at the peak, but not at the trough time point,
which also exhibited an unexpected increase in basal GLP-1 release
(Figure 4C).

3.5. L-cell Arntl regulates key pathways involved in GLP-1 release
To provide mechanistic insight into the role of L-cell Arntl in regulating
GLP-1 secretion, RNA-seq was conducted on synchronized control and
clock-disrupted mGLUTag L-cells at the peak (8 h) and trough (20 h)
time points of GLP-1 secretion. Following synchronization, as expected
[7,8,39,44], control L-cells displayed rhythmicity in clock gene
expression, with the positive arm of the clock being increased to the 8-
hour time point and the negative arm of the clock largely increased to
the 20-hour time point (Figure 5AeB). Interestingly, key genes
involved in GLP-1 synthesis, including Gcg and Pcsk1 (Figure 5A), as
well as GLP-1 and incretin synthesis and secretion gene sets, as
illustrated by barcode plots, were upregulated to the 8-hour time point
(Figure 5C, S4A and Supplementary Table 1). Furthermore, analysis of
control cells between the peak and trough time points revealed an
increase in peptide hormone metabolism pathways and an expected
increase in the expression of key exocytotic proteins that are known
regulators of L-cell secretion [8,40,41,58,59] (Figure S4BeC and
Supplementary Table 1). Together, these data further confirm the role
of the cell-autonomous clock in GLP-1 secretion under normal
conditions.
In contrast to the robust rhythmicity observed in normal cells, analysis
of Arntl KD mGLUTag L-cells revealed significantly reduced expression
MOLECULAR METABOLISM 54 (2021) 101340 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
of Arntl and disruption in the circadian clock machinery, as evidenced
by an overall 27% reduction in amplitude (P < 0.05; calculated by
determining the difference between peak and trough clock gene
expression when comparing the scRNA and siRNA conditions)
(Figure 5B and S4D). To further determine the molecular mechanism
behind the impaired GLP-1 secretion observed at the 8-hour time
point, pathway analysis of the transcriptome of scRNA- and siRNA-
treated cells was performed. Compared to Arntl-disrupted L-cells,
control cells had a marked increase in pathways related to metabolic
processes as well as vesicular transport (Figure 5D and Supplementary
Table 2), both of which are well-established regulators of GLP-1
release [8,39]. Interestingly, pathways related to immunity, such as
interleukin signaling, as well as inflammatory responses were also
dysregulated upon clock disruption (Figure 5D and Supplementary
Table 2). Furthermore, Notch signaling was decreased in siRNA-
treated cells (Figure 5D and Supplementary Table 2), suggesting a
role for the circadian clock gene Arntl in the regulation of epithelial cell
integrity [60]. Interestingly, a comparison of control and Arntl KD cells
at the 20-hour time point revealed an increase in pathways related to
the electron transport chain in the clock-disrupted cells (Figure S4E
and Supplementary Table 3). Genes sets involved in the production
of ATP (Fig. S4F and Supplementary Table 3) were also upregulated in
the siRNA-treated cells. Given the known role of mitochondrial function
in mediating GLP-1 release [39], this may provide a potential mech-
anism behind the increased basal levels of GLP-1 observed at the 20-
hour time point in the Arntl KD cells.
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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Figure 5: Arntl regulates key cellular pathways in mGLUTag L-cells. (A) Volcano plot of the transcriptome at the peak (8 h) and trough (20 h) of GLP-1 secretion in
synchronized control mGLUTag L-cells. (B) Heat map depicting clock gene expression in scRNA- and Arntl siRNA-treated mGLUTag L-cells at 8 and 20 h after cell synchronization.
(C) Representative GLP-1 processing gene set comparing control mGLUTag L-cells between the peak and trough GLP-1 secretory time points. (D) Network analysis comparing
pathway enrichment between transcriptomes of scRNA- and Arntl siRNA-treated mGLUTag L-cells at the 8-hour (peak) secretory time point. Clusters of functionally related gene
sets were grouped into nodes, with green and red indicating pathways that were relatively enriched in the scRNA-compared to siRNA-treated cells and vice versa, respectively;
lines connecting the nodes indicate shared genes between the two pathways.
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4. DISCUSSION

The intestinal L-cell has been shown to express a functional circadian
clock [7e9]. While whole-body Arntl KO animals exhibit disrupted
rhythmic GLP-1 release [8], use of Gcg-Arntl KO mice has now
demonstrated the cell-autonomous role of the intestinal L-cell Arntl in
time-dependent L-cell secretion. As in whole-body Arntl KO mice [8],
Gcg-Arntl KO mice demonstrated a disrupted rhythm in GLP-1
secretion, with a dampened glucose-stimulated GLP-1 response
occurring only at the established peak of L-cell secretion. Importantly,
while whole-body Arntl KO animals exhibit temporal disruptions in food
intake [61], a known zeitgeber for L-cell secretion [7], the Gcg-Arntl KO
8 MOLECULAR METABOLISM 54 (2021) 101340 � 2021 The Author(s). Published by Elsevier GmbH. T
mice studied herein did not display any alterations in their 24-hour food
intake patterns. Furthermore, primary small intestinal cultures
generated from whole-body Arntl KO mice show increased Gcg gene
expression [39], whereas colonic Gcg expression in Gcg-Arntl KO mice
was decreased (at ZT2) despite decreased GLP-1 release in both
models. Together, these findings highlight the importance of using
cell-specific clock disruption models in the study of circadian L-cell
secretion.
Given the known circadian rhythm of OGTT-induced GIP secretion [9]
and the stimulatory effect of GIP on the L-cell [1,2], GIP levels were
assessed and found to be unchanged in KO animals, confirming not
only the specificity of the KO within the intestine to the L-cell, but also
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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that the impaired GLP-1 secretion was a result of inherent L-cell Arntl
disruption. Interestingly, while GLP-1 receptor (GLP-1R) KO mice have
been shown to have a compensatory increase in GIP [62], normal
levels of GIP were observed in the GLP-1edeficient Gcg-Arntl KO mice.
These findings may indicate inherent differences in adaptation be-
tween chronic constitutive and short-term inducible KO models.
However, despite decreased peak GLP-1 secretion, insulin levels
following an OGTT were unchanged in the KO mice, in association with
little impact on glycemia. This is likely due to Gcg-driven loss of Arntl in
the pancreatic a-cells, as this circadian clock gene has been estab-
lished as essential for coordinating glucagon release by these cells
[19]. Therefore, the Gcg-Arntl KO mice may not be an ideal model for
studying the role of L-cell Arntl and circadian GLP-1 release in 24-hour
metabolic homeostasis. However, overall, these animals serve as an
excellent model for determination of the localized role of diurnal L-cell
secretion in the regulation of intestinal homeostasis.
Recent studies have identified the GLP-1R on IELs, which are key
players in the prevention of intestinal inflammation [3,6]. Interestingly,
while IEL GLP-1R expression has been demonstrated as essential in
the regulation of GLP-1 bioavailability [6], no time-dependent differ-
ences were found in the proportion of colonic CD8abþ, CD8aaþ, and
CD4þ IELs in control animals, thereby suggesting that temporal
changes in circulating GLP-1 levels are not dependent on the binding of
GLP-1 by this cell population. Given that recent studies have shown
rhythmic changes in IEL cell populations within the small intestine
[63e65], the lack of time-dependent differences in the colon suggests
that these cell populations may be differentially regulated. Further-
more, lack of differences between ZT2 and ZT14 in the colonic IELs,
despite a robust rhythm in GLP-1, indicates that GLP-1 is unlikely to act
as a homing mechanism for these cells, despite their GLP-1R
expression. Additionally, L-cell Arntl disruption resulted in a
decrease in the proportion of colonic CD4þ IELs at the ZT14 time point,
accompanied by decreased GLP-1 levels. This further negates the
possible GLP-1-sequestering role of the GLP-1R expressed by these
cells.
Interestingly, disruption of L-cell Arntl was associated with a marked
increase in colonic mucosal pro-inflammatory cytokine expression.
Given that depletion of CD4þ T cells has been identified as a marker of
impaired mucosal immune function and epithelial integrity [66,67], the
reduced proportion of this cell population in the Gcg-Arntl KO animals
might therefore be a driver of the observed intestinal inflammation.
Indeed, use of an intestinal-specific clock gene disruption model (i.e.,
driven by the villin promoter) demonstrated an essential role for the
circadian clock gene RORa in attenuating intestinal epithelial inflam-
matory responses [34]. Although the intestinal L-cell only makes up
approximately 0.5% of the intestinal epithelial cells [41,53,54], the
data presented herein provides evidence for an important role of L-cell
Arntl in mediating intestinal immune homeostasis, a key parameter in
protection of the systemic circulation from both commensal and
ingested pathogens.
In association with the pro-inflammatory environment in the Gcg-Arntl
KO animals, colonic weight was increased, as has been previously
shown in the dextran sulfate sodium-induced colitis model of inflam-
matory bowel disease [55]. The increase in colonic weight was in-
dependent of changes in either crypt number or crypt depth,
suggesting that this was exclusive of the changes in L-cell secretion of
either GLP-1, known to increase crypt fission [5], or the co-secreted
hormone, GLP-2, which increases crypt cell proliferation [68]. How-
ever, consistent with the additional role of GLP-2 in maintaining in-
testinal barrier integrity [69], the presumed decrease in GLP-2 levels
MOLECULAR METABOLISM 54 (2021) 101340 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
as a result of L-cell Arntl disruption may contribute to the proin-
flammatory environment within the colon of the Gcg-Arntl KO mice.
Consistent with the Gcg-Arntl KO mice displaying no differences in the
proportion of colonic IELs between ZT2 and ZT14, the composition of
the colonic microbiome also lacked any time-dependent variations.
This is, however, unique to the control animals employed herein, as
previous reports of rhythmic changes in colonic microbial composition
have been demonstrated in other murine models [9,24e26,28] and,
therefore, speak to how both differences in strains and in vivaria
(including diet) can dictate the outcome of microbial studies. Specif-
ically, although recent studies have demonstrated that time-dependent
changes in the species Akkermansia muciniphila parallel the GLP-1
secretory pattern in normal mice as well as in germ-free animals
following recolonization [9], this was not observed in this study.
Nonetheless, increases in the phyla Actinobacteria and the associated
family Bifidobacteriaceae were observed in Gcg-Arntl KO animals, not
only adding to the body of evidence supporting the role of the intestinal
epithelial clock in establishing microbial composition [25], but also
implicating L-cell Arntl specifically as a regulator of the colonic
microbiome. Interestingly, whereas GLP-1 receptor KO animals have
been reported to have elevated Actinobacteria, GLP-2 receptor KO
mice exhibit decreased Actinobacteria [3,70]. Therefore, it is likely that
the observed increase in Actinobacteria in the Gcg-Arntl KO animals
represents a balance between decreased GLP-1 and GLP-2 co-release
following L-cell Arntl disruption. Interestingly, increased abundance of
Actinobacteria has been previously associated with enhanced proin-
flammatory cytokine expression [71] as well with inflammatory bowel
disease [72], as observed in the Gcg-Arntl KO mice herein. Further-
more, the decreased levels of SCFAs and BAs observed in the Gcg-
Arntl KO mice are consistent with their role in signaling to immune cells
for intestinal immune regulation [73] as well as their established roles
in stimulating L-cell secretion [74,75]. Together, these data provide
further support for the role of the intestinal L-cell in maintaining in-
testinal immune and microbial homeostasis.
To provide mechanistic insight as to how L-cell Arntl disruption results
in impaired rhythmic hormone secretion, the well-established mGLU-
Tag L-cell line was utilized. Consistent with previous studies [7,8,39],
control cells exhibited time-dependent GLP-1 release in response to
the known L-cell secretagogue, GIP. Previous transcriptomic and
proteomic analysis of mGLUTag L-cells identified increased expression
of pathways related to vesicle-mediated transport at the peak of GLP-1
secretion [8]. Furthermore, analysis of primary L-cells revealed a
similar increase in pathways related to SNARE-mediated exocytosis at
the peak secretory time point [9]. Mechanistic studies using chromatin
immunoprecipitation analysis further identified a direct role for L-cell
ARNTL in regulating the time-dependent expression of key exocytotic
proteins [8,40]. The demonstration of increased expression of path-
ways involved in hormone processing as well as elevated exocytotic
protein expression at the peak GLP-1 secretion time point further adds
to the body of evidence supporting the role of the circadian clock in
regulating time-dependent GLP-1 release. These data are also
consistent with the findings presented herein, whereby pathways
related to vesicle transport were downregulated upon L-cell Arntl
disruption. Interestingly, studies in the pancreatic a- and b-cells have
demonstrated an essential role for Arntl in the regulation of glucagon
and insulin secretion, respectively, with alterations in expression of the
exocytotic SNARE protein genes observed in the b-cells [18,76]. In
combination, data from these neuroendocrine cell types provide strong
evidence for clock-controlled exocytosis, which is ultimately respon-
sible for coordinating rhythmic hormone secretion.
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Previous L-cell analyses have also identified pathways related to
nutrient sensing and metabolic processes as important for L-cell
secretion [8,9]. Furthermore, exposure to the saturated fatty acid,
palmitate, impairs mGLUTag L-cell mitochondrial function, ATP pro-
duction, and GLP-1 secretion in parallel [39]. Consistent with the notion
of cellular metabolism being dependent on the circadian clock [39],
Arntl KD also resulted in impaired L-cell metabolic processes in the
mGLUTag L-cells. Finally, Arntl-disrupted mGLUTag L-cells were found
to have dysregulated Notch signaling, which is a well-established
pathway in the maintenance of intestinal epithelial integrity [60]. A
recent study has demonstrated that Notch signaling is not essential for
L-cell differentiation [77]; however, given the known role of intestinal
epithelial Notch signaling in reducing intestinal inflammation [78], this
may provide insight as to how L-cell Arntl disruption leads to impaired
intestinal homeostasis in Gcg-Arntl KO mice.

5. CONCLUSIONS

Circadian disruption, induced by modern-day environmental factors
such as shift work and jetlag, has been extensively linked to the
development of metabolic diseases including type 2 diabetes and
obesity [79]. Moreover, these circadian disruptors have been linked to
impaired intestinal barrier integrity, microbial dysbiosis, and increased
intestinal inflammation [80]. Clinically, circadian disruption is also
implicated in the development and severity of inflammatory bowel
disease [81]. Collectively, the results of the present study establish
intestinal L-cell Arntl as essential in the regulation of key cellular
pathways required for time-dependent stimulation of GLP-1 secretion
and highlight the importance of the L-cell secretome for parameters of
intestinal homeostasis. While this is the first time L-cell Arntl has been
described as a regulator of the microbial and immune environment, the
experimental model does have limitations that prevent complete
mechanistic understanding of how L-cell Arntl facilities its novel role
described herein, which could include clock-dependent and/or clock-
independent mechanisms. Furthermore, although the decrease in
ARNTL expression in the intestinal L-cell in Gcg-Arntl KO mice was
44% lower than we previously reported for STXBP1 using the same
Gcg-cre model [40], this may be related to relative levels of expression
of the two target genes and/or different efficiencies of the antisera
used for the immunostaining. Additional analysis of ARNTL expression
in pancreatic a-cells and Gcg-expressing neurons is warranted to
provide a more complete characterization of this novel inducible KO
mouse model. It must also be noted that the aberrant release of GLP-1
secretion following L-cell Arntl disruption suggests that L-cell secretory
products contribute to the Gcg-Arntl KO mouse phenotype; however,
further study is required to decipher the contribution made by each of
the L-cell secretory products to circadian intestinal homeostasis,
including not only GLP-1 and GLP-2, but also other GCG-derived
peptides, including oxyntomodulin and co-expressed hormones such
as peptide YY [82]. While transcriptomic analysis of the mGLUTag L-
cells did provide mechanistic insight as to how altered L-cell function
following Arntl knockdown may contribute to the in vivo phenotype
observed in Gcg-Arntl KO mice, use of reporter animals to assess
Arntl-disrupted primary L-cells would provide a further understanding
of the circadian rhythm inherent to the L-cell. Furthermore, although
the present study established the requirement of L-cell Arntl in time-
dependent GLP-1 secretion, assessment of GLP-1 release
throughout the 24-hour day in vivo and over 48 h in mGLUTag L-cells
in vitro would be necessary to confirm the role of L-cell Arntl in the
circadian secretion of GLP-1. Finally, the exact factors responsible for
entraining the L-cell clock remain to be elucidated, including both diet
10 MOLECULAR METABOLISM 54 (2021) 101340 � 2021 The Author(s). Published by Elsevier GmbH. T
and microbial metabolites. Nevertheless, these data collectively pro-
vide novel insight into both the regulation and role of time-dependent
L-cell secretion. Establishing the requirement of the core clock gene
Arntl within the L-cell in maintaining intestinal homeostasis means that
therapeutic strategies aimed at increasing endogenous L-cell secretion
to improve intestinal health can be developed for patients with intes-
tinal and metabolic diseases.
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