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Abstract

Background: Obesity is a major global health issue driven by an imbalance between energy intake and expenditure, with triglyceride
(TAG) storage as a key factor. Recent research has identified the gene Glutl, which encodes a glucose transporter in Drosophila, as a
prospective regulator of obesity and TAG metabolism. However, the tissue-specific role of GLUT1 in coordinating carbohydrate and lipid
metabolism remains unknown. Thus, this study focuses on the role of GLUT1 in Drosophila intestinal cells, which are central regulators
of dietary sugar and lipid uptake. Methods: Here, we used RNA interference (RNA1) to specifically target G/ut/ in the intestine and
measured glycogen and TAG storage in whole animals and in isolated intestines. Results: Intestinal knockdown of Glutl resulted in
decreased glycogen levels in whole animals while intestinal glycogen levels remained unchanged. In addition, reducing Glut! in the fly
intestine led to reduced food consumption, which may explain the decreased glycogen storage. We also observed that TAGs accumulated
in Glutl RNAI intestines, possibly due to reduced expression of the apolipoprotein-like lipid-transport gene microsomal TAG transfer
protein (mtp). Conclusions: These results indicate a role for GLUT1 in the fly intestine in regulating metabolic homeostasis and increase

our knowledge about tissue-specific regulation of nutrient storage and metabolism.
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1. Introduction

Obesity, a globally recognized chronic disease asso-
ciated with increased mortality and morbidity, remains a
growing worldwide concern and often increases the risk of
cardiovascular and metabolic diseases [1]. Approximately
60-70% of individuals diagnosed with obesity develop
dyslipidemia, characterized by elevated very-low-density
lipoprotein (VLDL) levels, low high-density lipoprotein
(HDL) levels, and significantly elevated triglyceride (TAG)
levels [2]. In addition, the accumulation of TAGs in adi-
pose tissue contributes to excess weight in obese individuals
[3]. Dyslipidemia is associated with a range of other cardio-
vascular conditions, including an increased risk of coronary
artery disease (CAD) and acute coronary syndrome (ACS)
[4]. Obesity is a multifaceted disease with a complex, mul-
tivariable etiology, including genetics, diet, environmental
factors, and more [5,6]. Despite the rapid worldwide rise
in obesity rates, decades of research, and therapeutic ad-
vances, the mechanisms through which genetic and/or en-
vironmental factors influence obesity remain poorly under-
stood.

Studying obesity-related genes in humans is challeng-
ing. The fruit fly, Drosophila melanogaster, is an excellent
model organism for studying the genetic control of fat stor-
age because mammalian and Drosophila genomes are well
conserved and many genetic tools are available [7]. Ad-
ditionally, fruit flies have repeatedly been recognized as a
useful model organism due to the presence and similarity

of organs, tissues, and systems involved in human obesity
[8,9]. Prior studies using the Drosophila system have iden-
tified hundreds of genes that may be involved in obesity.
These genes were discovered through a variety of genetic
screens performed in cultured cells, larvae, and adult flies,
in which individual genes were systematically altered us-
ing diverse genetic manipulation tools [10,11,12]. In a sin-
gle screen, fruit fly larvae with mutations in different genes
were submerged in a sucrose solution to determine their
buoyancy, which was directly correlated with higher lipid
levels [13]. From this screen, 66 genes were identified as
potentially important in obesity. Among those genes was
Glutl, which encodes a transmembrane protein that regu-
lates glucose transport across the plasma membrane. Ear-
lier findings from our group showed that Glut! in fly fat and
neuronal tissues plays a role in facilitating TAG and glyco-
gen metabolism [14,15,16]. In fat tissue, targeting RNAi to
Glutl leads to decreased storage of TAG and glycogen in
whole flies.

Additionally, expression of fatty acid synthase 1
(FASNI), an important lipid-synthesis enzyme, was blunted
in flies with Glutl specifically decreased in fat tissue
[14]. In neuronal tissue, targeting Glut! with RNAIi across
different neuronal populations likewise reduced organis-
mal glycogen and TAG levels. Furthermore, expression
of Drosophila melanogaster insulin-like peptides (Ilps),
specifically /lp3 and Ilp5, in the brain was decreased in
these flies [15]. While the function of GLUT1 in fly fat
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tissue and brain has been characterized, it remains unclear
whether GLUT1 functions in other metabolic tissues, such
as the Drosophila intestine (also referred to as the gut), to
regulate TAG and/or glycogen storage. Given that the gut
is the entry point for dietary lipids and carbohydrates and a
hub of nutrient absorption, this organ is particularly impor-
tant in the study of obesity.

This study used Glut! RNAI to reduce Glut! levels in
the Drosophila gut and examined the effects on carbohy-
drate and lipid storage in whole animals. In addition, glu-
cose, glycogen, and TAG storage were measured in isolated
intestines from flies with gut-specific Glut! RNAI, and the
expression of key lipid metabolic enzyme genes was as-
sessed in these intestines. Overall, the goal of this study
is to improve understanding of the role of glucose trans-
porters in the Drosophila intestine in regulating intestinal
and organismal glycogen and lipid metabolism.

2. Materials and Methods
2.1 Drosophila Genetics

The following fly stocks from the Blooming-
ton Drosophila Stock Center (BL) were used in
this study:  y/1] sc[*] v[l] sev[21]; P{y[+t7.7]
v[+t1.8]=TRiPHMS02152}attP40 (BL# 40904, referred
to as UAS-Glutl RNAIi here); y[1] sc[*] v[1] sev[21];
P{y[+t7.7]  v[+t]1.8]=VALIUM20-EGFP.RNAi.1}attP40
(BL# 41555, referred to as UAS-EGFP RNAI here); y[1]
vfl]; P{y[+t7.7] v[+t]l.8]=TRiPJF03060}attP2 (BL#
28645, referred to as UAS-Glutl RNAi 2 here); y[1]
vfl]; P{y[+t7.7] v[+tl.8]=TRiPJF01355}attP2 (BL#
31603, referred to as UAS-Luc RNAI here); and w/1118];
Piw[+mC]=mex1-Gal4.2.1}10-8 (BL#91368, referred
to as Mex-Gal4 here). Flies were grown on standard
cornmeal-yeast medium (9 g Drosophila agar (Genesee
Scientific, San Diego, CA, USA), 100 mL Karo Lite Corn
Syrup, 65 g cornmeal, 40 g sucrose, and 25 g whole yeast
in 1.25 L water). FlyBase (release FB2026 _01) was used
to obtain information on phenotypes, function, stocks, gene
expression, and sequences [17].

To decrease Glutl expression specifically in the fly
intestine, a Drosophila midgut-specific driver, Mex-Gal4
[18], was used to drive two distinct RNAI lines target-
ing Glutl. Virgin female Gal4 driver flies were crossed
with male UAS responder flies and reared at 25 °C un-
der a 12h:12h light:dark cycle. Approximately 1-week-
old mated Mex-Gal4>Glutl RNAi female flies were used
in each experiment and compared with the appropriate ge-
netic control flies of the same age (Mex-Gal4>EGFP RNAi
or Mex-Gal4>Luc RNAIi). No animals were excluded from
this study and confounders were not explicitly controlled.
The identities of the different groups were known by all re-
searchers throughout each experiment.

2.2 Metabolite Measurements

Storage of TAGs, glycogen, and glucose was mea-
sured in whole flies and in isolated intestines. To measure

these metabolites in whole flies, two adult female flies, ap-
proximately one week old, were homogenized by sonica-
tion using a Q55 Qsonica sonicator (Qsonica, Newtown,
CT, USA) in lysis buffer (140 mM NaCl, 50 mM Tris—
HCIL, pH 7.5, 0.1% Triton-X, and 1x EDTA-free protease
inhibitor cocktail (Thermo Fisher Scientific, Waltham, MA,
USA)). Total protein concentration was measured using the
BCA protein assay kit (Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s instructions.
TAG content was quantified with the Infinity Triglyceride
Reagent (Thermo Fisher Scientific, Waltham, MA, USA).
Total glucose concentration was determined by incubat-
ing homogenates with 8 mg/mL amyloglucosidase (Sigma-
Aldrich, St. Louis, MO, USA) at pH 5.0 and 37 °C for
2 hours, followed by incubation with Glucose Oxidase
Reagent (Pointe Scientific, Canton, MI, USA) as per the
manufacturer’s instructions. Free glucose was measured us-
ing the same Glucose Oxidase Reagent (Pointe Scientific,
Canton, MI, USA) on homogenates without amyloglucosi-
dase treatment. Glycogen concentration was calculated as
the difference between total and free glucose values. TAG,
glycogen, and free glucose concentrations were normalized
by dividing by the total protein concentration. Each group
of two adult female flies was considered a single sample for
these experiments.

To measure intestinal TAG, glycogen, and glucose, in-
testines from approximately 20 female flies were dissected
and homogenized by sonication in lysis buffer as described
above. TAG, glycogen, and glucose concentrations were
measured as described above and normalized to the num-
ber of intestines. Each group of approximately 20 intestines
was considered a single sample for these experiments.

2.3 Feeding Assay

Food consumption was measured using a capil-
lary feeding (CAFE) assay as previously described [19].
Briefly, groups of three approximately one-week-old adult
female flies were placed in Drosophila vials containing 1%
agar. Drummond capillary tubes (Thermo Fisher Scien-
tific, Waltham, MA, USA) containing approximately 5 puL
of 5% sucrose dyed with food coloring were used to mea-
sure food consumption at 25 °C for 24 hours. Vials without
flies served as evaporation controls.

2.4 RNA Isolation and gPCR

RNA was isolated from intestines dissected from
20-30 females using TRIzol (Thermo Fisher Scientific,
Waltham, MA, USA) per the manufacturer’s instructions.
Briefly, nucleic acids were extracted with chloroform,
precipitated with isopropanol, pelleted, and washed with
70% ethanol. Pellets were air-dried and resuspended in
nuclease-free water. In total, 5 pg of RNA was DNase-
treated using the DNA-Free kit (Thermo Fisher Scien-
tific, Waltham, MA, USA) according to the manufac-
turer’s instructions. Next, 0.25 pg of DNase-treated RNA
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Table 1. Primer sequences used in this study for qPCR.

Gene name and Flybase accession

Forward sequence

Reverse sequence

Primer efficiency

number 5'- 3" 5'- 3" (%); product size
Ribosomal protein L32 (Rp49); GACGCTTCAAGGGACAGTATCTG  AAACGCGGTTCTGCATGAG 90; 141 bp
FBgn0002626

Glucose transporter 1 (Glutl); CCAACTTTGTGGTCGGCATTG GGCCAGGAATACGCTGAACG 101; 85 bp
FBgn0264574

Fatty acid synthase 1 (FASNI); CTGGCTGAGCAAGATTGTGTG  TCGCACAACCAGAGCGTAGTA 90; 213 bp
FBgn0283427

Acetyl-CoA carboxylase (Acc); AGATGCAGAACGATGTCCGC CTCTTTGTGAAGCAGCTCCG 85; 490 bp
FBgn0033246

Withered (whd); FBgn0261862 GCAAGTGCAAATTGAGGAAA AAGTGCTCCTCACCTTCCAC 87, 62 bp
Brummer (bmm); FBgn0036449 ACGTGATCATCTCGGAGTTTG ATGGTGTTCTCGTCCAGAATG 88; 166 bp
Apolipophorin (apolpp); ATCGGCTCAACACAAAAACC AGGCAAAAGCGATCTCAAAA 90; 189 bp
FBgn0087002

Apolipoprotein lipid transfer GTTCGAGGTGAGTGGTTGGT AGCTGCGTCTCATTGGAGAT 93; 117 bp
particle (apoltp); FBgn0032136

Microsomal triacylglycerol transfer GTGGGAAGCTTCGTGAAGAG AAAACGCGATACCATTCGAG 99; 128 bp

protein (mtp); FBgn0266369

was reverse-transcribed into cDNA using the qScript Ultra
cDNA Supermix (QuantaBio, Beverly, MA, USA) per the
manufacturer’s instructions. Gene expression levels were
measured by preparing 25 pL qPCR reaction mixes con-
taining 1 pL of cDNA, 2x PerfeCta SYBR Green Master
Mix (QuantaBio, Beverly, MA, USA), and gene-specific
primers (200-300 nM each, with annealing temperatures of
60 °C for all primer pairs). The qPCR amplification was
performed under the following cycling conditions: initial
denaturation at 95 °C for 3 minutes, followed by 40 cycles
of: 95 °C for 30 seconds, 60 °C for 1 minute, and 72 °C
for 30 seconds, with a melt curve. Relative expression of
FASNI, whd, Acc, bmm, apolpp, apoltp, and mtp was quan-
tified and normalized to 7p49 expression. See Table 1 for a
full list of primer sequences, primer efficiencies, and PCR
product sizes.

2.5 Statistics

In all experiments, means were compared between
the Mex-Gal4>EGFP RNAI controls and Mex-Gal4>Glutl
RNAIi experimental group or the Mex-Gal4>Luc RNAi
control group and the Mex-Gal4>Glut] RNAi 2 experimen-
tal group using a two-tailed #-test in Excel. A p-value <0.05
was considered statistically significant and an * over the ex-
perimental group for each comparison was used to depict
statistical significance.

3. Results

To determine the metabolic effects of intestinal
GLUTI1 on the whole organism, glycogen, TAGs, and free
glucose, all normalized to total protein, were measured in
two Mex-Gal4>Glut] RNAI female fly lines and compared
with appropriate genetic-background controls. Notably,
organismal glycogen levels were decreased in both Glutl
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RNAI lines tested (Fig. 1A), while organismal TAG lev-
els were decreased only in one line (Fig. 1B), and organ-
ismal free glucose was unchanged in both lines (Fig. 1C).
Interestingly, flies with decreased Glutl levels from both
RNAI lines consumed less food (Fig. 1D), which may con-
tribute to reduced glycogen stores. Since the first Glut/
RNAI line exhibited a stronger nutrient storage phenotype,
we assessed the ability of each RNAI line to reduce Glutl
levels in the fly intestine. To assess knockdown efficiency,
Glut] mRNA levels were measured in RNA isolated from
dissected whole intestines of each Glut/ RNAI line crossed
to the Mex-Gal4 driver and compared with the appropriate
genetic-background control. Consistent with the stronger
nutrient-storage phenotype, the first Glut/ RNAI line led
to a substantial decrease in Glut/ mRNA levels. In con-
trast, the second Glut/ RNAI line showed a much smaller
decrease in Glut/ mRNA that did not reach statistical sig-
nificance (Fig. 1E). This result is consistent with the first
Glut]l RNAI line targeting more Glut/ gene isoforms than
the second (data not shown). Since nutrient storage and
Glutl knockdown efficiency were higher in the first Glut!
RNAI line, we continued our analysis with those flies.

To further understand the observed reduction in nutri-
ent storage in Glutl RNAI flies, intestinal levels of glyco-
gen, TAGs, and glucose, normalized by the number of in-
testines in each sample, were measured in female Mex-
Gal4>Glut] RNAI flies and compared with those in con-
trol flies (Fig. 2). Intestinal TAG levels were increased in
Mex-Gal4>Glutl RNAL flies, whereas intestinal glycogen
storage and glucose levels were unchanged. This finding
suggests that decreasing Glut! in the intestine leads to TAG
accumulation in that tissue.

To better understand this TAG accumulation pheno-
type in the intestines of Glutl RNAI flies, the expression
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Fig. 1. RNA interference (RNAi) targeting the Glutl gene in Drosophila intestines reduces whole-organism glycogen levels
in female flies. (A) Glycogen normalized to protein content was measured in whole-body samples from one-week-old female Mex-
Gal4>Glut] RNAI (n = 30) and Mex-Gal4>Glutl RNAi 2 (n = 42) flies and compared to Mex-Gal4>EGFP RNAIi (n = 36) and Mex-
Gal4>Luc RNAI (n = 27) controls, respectively. Bars indicate average normalized glycogen/protein concentration, +/— standard error.
(B) Triglyceride (TAG) normalized to protein content was measured in whole-body samples from one-week-old female Mex-Gal4>Glutl
RNAI (n = 30) and Mex-Gal4>Glut] RNAi 2 (n = 42) flies and compared to Mex-Gal4>EGFP RNAIi (n = 36) and Mex-Gal4>Luc
RNAI (n = 27) controls, respectively. Bars indicate average normalized TAG/protein concentration, +/— standard error. (C) Glucose
normalized to protein content was measured in whole-body samples from one-week-old female Mex-Gal4>Glut] RNAi (n = 30) and
Mex-Gal4>Glut] RNAIi 2 (n =42) flies and compared to Mex-Gal4>EGFP RNAI (n = 36) and Mex-Gal4>Luc RNAI (n = 27) controls,
respectively. Bars indicate average normalized glucose/protein concentration, +/— standard error. (D) Relative feeding was measured
in Mex-Gal4>Glutl RNAI (n = 19 vials) and Mex-Gal4>Glutl RNAi 2 (n = 30 vials) female flies and compared to Mex-Gal4>EGFP
RNAI (n = 23 vials) and Mex-Gal4>Luc RNAi (n = 17 vials) controls, respectively. Bars indicate average normalized food consumed
per fly, +/— standard error. (E) Intestinal G/utl normalized to rp49 was measured in RNA from the intestines of Mex-Gal4>Glut] RNAi
(n = 8) and Mex-Gal4>Glut] RNAIi 2 (n = 8) female flies and compared to Mex-Gal4>EGFP RNAIi (n = 8) and Mex-Gal4>Luc RNAi (n
= 4) controls, respectively. Bars indicate average normalized relative expression, +/— standard error. *p-value < 0.05 as determined by a
Student’s ¢-test comparing Mex-Gal4>Glut] RNAi to Mex-Gal4>EGFP RNAI controls and Mex-Gal4>Glutl RNAi 2 to Mex-Gal4>Luc
RNA:I controls.
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Fig. 2. Decreasing Glutl in the Drosophila intestine leads to accumulation of intestinal TAG but does not affect glycogen or

free glucose levels. (A) Intestinal TAG concentrations were normalized to the number of intestines in Mex-Gal4>Glut] RNAi (n =
20) female flies and compared with Mex-Gal4>EGFP RNAi (n = 23) controls. Bars indicate the average normalized intestinal TAG
concentration per intestine, +/— standard error. (B) Intestinal glycogen concentrations were normalized to the number of intestines in
Mex-Gal4>Glut] RNAI (n = 20) female flies and compared with Mex-Gal4>EGFP RNAI (n = 23) controls. Bars indicate the average
normalized intestinal glycogen concentration per intestine, +/— standard error. (C) Intestinal glucose concentrations were normalized to
the number of intestines in Mex-Gal4>Glut] RNAi (n = 20) female flies and compared with Mex-Gal4>EGFP RNAi (n =23) controls.
Bars indicate the average normalized intestinal glucose concentration per intestine, +/— standard error. *p-value < 0.05, determined by
a Student’s #-test comparing Mex-Gal4>Glutl RNAIi to Mex-Gal4>EGFP RNAI controls.

of several major lipid metabolism enzymes (FASNI, Acc,
whd, and bmm) was assessed. FASN] is a multi-domain en-
zyme responsible for nearly all fatty acid synthesis; Acc en-
codes a lipid synthesis enzyme that converts acetyl-CoA to
malonyl-CoA, a substrate for fatty acid synthesis. whd is
the fly homolog of CPT1, which encodes the rate-limiting
enzyme of beta-oxidation, carnitine palmitoyltransferase 1,
and bmm is the fly homolog of adipose TAG lipase, an im-
portant lipolysis enzyme responsible for converting TAGs
into diglycerides [8]. Interestingly, while intestinal FASN/
and whd levels were unchanged (Fig. 3A,D), intestinal Acc
levels were decreased (Fig. 3B), and bmm lipase gene lev-
els were increased (Fig. 3C).

Since the increased storage of TAGs in intestines sub-

jected to Glut] RNAi did not appear to result from increased
fatty acid synthesis or decreased TAG breakdown, we hy-
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pothesized that the intestinal accumulation of TAGs in
Glut] RNAI flies is due to altered transport of TAGs out of
enterocytes. In Drosophila, dietary lipids are packaged and
exported from enterocytes to other tissues and cells via a se-
ries of ApoB family proteins, helping maintain lipid home-
ostasis throughout the organism [20]. To test this hypoth-
esis, we measured the mRNA levels of apolipophorin lipid
transfer particle (LTP) (apoltp), apolipophorin (apolpp),
and microsomal TAG transfer protein (m#p), three genes
involved in lipoprotein-mediated lipid export from intesti-
nal cells. The product of the apoltp gene facilitates the
transfer of lipids between the gut, circulating lipophorin,
and peripheral tissues. In contrast, the product of apolpp is
the major lipoprotein responsible for lipid transport to the
hemolymph [20]. m#p is required for lipoprotein assembly
and lipid loading in enterocytes [20,21]. In Glutl RNAi
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Fig. 3. Targeting RNAi against the Glutl gene in Drosophila intestines leads to decreased intestinal Acc levels and increased
intestinal bmm levels. (A) FASN1, normalized to rp49, was measured in RNA purified from the intestines of Mex-Gal4>Glut]l RNAi
(n = 8) female flies and compared with Mex-Gal4>EGFP RNAIi (n = 8) controls. Bars indicate the mean normalized relative FASNI
expression, +/— standard error. (B) Acc, normalized to rp49, was measured in RNA purified from the intestines of Mex-Gal4>Glutl
RNAI (n = 8) female flies and compared with Mex-Gal4>EGFP RNAI (n = 8) controls. Bars indicate the mean normalized relative Acc
expression, +/— standard error. (C) bmm, normalized to 7p49, was measured in RNA purified from the intestines of Mex-Gal4>Glutl
RNAI (n = 8) female flies and compared with Mex-Gal4>EGFP RNAI (n = 8) controls. Bars indicate the mean normalized relative whd
expression, +/— standard error. (D) whd, normalized to rp49, was measured in RNA purified from the intestines of Mex-Gal4>Glutl
RNAI (n = 8) female flies and compared with Mex-Gal4>EGFP RNAI (n = 8) controls. Bars indicate the mean normalized relative bmm
expression, +/— standard error. *p-value <0.05, determined by a Student’s #-test comparing Mex-Gal4>Glutl RNAi to Mex-Gal4>EGFP

RNAI controls.

flies, all three genes showed a trend toward reduced expres-
sion; however, only mitp showed a statistically significant
decrease (Fig. 4).

4. Discussion

This study explored the role of intestinal G/ut/ in nu-
trient storage in Drosophila. Organismal glycogen lev-
els were reduced in intestine-specific Glut/ RNAI flies,
whereas TAG and glucose levels showed no consistent
changes. These findings suggest that intestinal glucose up-
take via glucose transporters may play an important role
in regulating systemic nutrient storage. In animals, two
major types of glucose transporters exist in the intestine:
the GLUT family and the SGLT family. At least two
GLUT family genes have been identified in Drosophila
melanogaster: Glutl and Glut3 [22]. Recent findings have
also identified dSLC545, a member of the SGLT family,

in Drosophila melanogaster. The dSLC5A45 gene is the
putative ortholog of human SLC5A1, a sodium-dependent
symporter in mammalian cells [23,24]. In mammals, glu-
cose is absorbed into intestinal cells through a transporter
on the apical side and then transported out of the cell into
the bloodstream through another transporter on the opposite
(basolateral) side [25]. While the function of intestinal glu-
cose transporters is well characterized in mammalian cells,
little is known about their precise localization and/or func-
tion in Drosophila intestinal cells, warranting further inves-
tigation [26]. If the function of SGLT/GLUT transporters
in Drosophila is similar to that of mammalian cells, we
would expect that when Glutl RNAi decreases Glutl lev-
els, less glucose would be absorbed into enterocytes and ul-
timately the hemolymph, providing less substrate for glyco-
gen synthesis in fat and muscle cells, which would explain
the decrease in organismal glycogen observed in intestine-
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Fig. 4. Targeting RNAI against the Glutl gene in Drosophila intestines leads to decreased intestinal mzp levels and a trend toward

reduced expression of apoltp and apolpp. (A) apoltp normalized to rp49 was measured in RNA purified from the intestines of Mex-
Gal4>Glut] RNAI (n = 8) female flies and compared with Mex-Gal4>EGFP RNAI (n = 8) controls. Bars indicate average normalized
relative apoltp expression, +/— standard error. (B) apolpp normalized to rp49 was measured in RNA purified from the intestines of Mex-
Gal4>Glut] RNAI (n = 8) female flies and compared with Mex-Gal4>EGFP RNAI (n = 8) controls. Bars indicate average normalized
relative apolpp expression, +/— standard error. (C) mp normalized to rp49 was measured in RNA purified from the intestines of Mex-
Gal4>Glut] RNAI (n = 8) female flies and compared with Mex-Gal4>EGFP RNAIi (n = 8) controls. Bars indicate average normalized
relative mip expression, +/— standard error. *p-value < 0.05, determined by a Student’s #-test comparing Mex-Gal4>Glut]l RNAIi to

Mex-Gal4>EGFP RNAI controls. For apoltp and apolpp, p-values are included in the figure.

specific Glutl RNALI flies. If the basolateral exit of glucose
to the hemolymph is severely diminished in Glut/ RNAi
flies, glucose would accumulate in the enterocytes, and less
would be available in the hemolymph, resulting in less glu-
cose available for glycogen production. To test whether de-
fects in glucose absorption could cause the low-glycogen
phenotype, dSLC5A5 levels can be specifically reduced in
the fly intestine to block glucose absorption, and then glyco-
gen levels measured. If glucose cannot be absorbed by in-
testinal cells, we would expect glycogen levels throughout
the organism to decrease, as we observed in flies adminis-
tered Glut! RNAI.

Another potential cause of the decrease in glycogen
storage observed in Glutl RNAI flies is reduced food con-
sumption, a finding of this study. Flies eating less would
provide less substrate for glycogen synthesis in fat and mus-
cle cells, potentially explaining the decrease in organismal
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glycogen observed in intestine-specific Glut/ RNAI flies.
Interestingly, decreasing neuronal Glut! in Drosophila does
not affect food consumption [15]; however, we show here
that Glutl in Drosophila intestines plays a role in regu-
lating food intake, suggesting tissue-specific functions of
GLUT!1 in feeding regulation. Intestinal cells use a variety
of molecules to regulate food intake. Hormones secreted by
enteroendocrine cells of the intestine have emerged as im-
portant mediators of food consumption regulation in both
mammals and Drosophila [27]. While significant advances
have been made in the classification of enteroendocrine
cells and associated hormones in the Drosophila gut in re-
cent years, many of the secretory mechanisms and the spe-
cific proteins involved in hormone sensing and secretion re-
main poorly understood. Since the Mex-Gal4 driver used
in this study expresses specifically in intestinal enterocytes
and not enteroendocrine cells [ 18], GLUT1 may control nu-


https://www.imrpress.com

trient sensing in enterocytes, which could indirectly regu-
late enteroendocrine hormones to control food intake and
ultimately glycogen storage; however, additional experi-
mentation is necessary to test this hypothesis.

We also observed TAG accumulation in the intestines
of flies that underwent Glut/ RNAI, but no effect on glyco-
gen and glucose levels in these intestines. The Drosophila
intestine is a major organ where food is digested, nutrients
are absorbed, and energy substrates are stored [26]. How-
ever, in nature, fruit flies rarely consume diets rich in TAG
and other fat molecules. Instead, the diets of these flies are
rich in complex carbohydrates, and as a result, fruit flies
convert sugars into TAGs in the fly midgut [20]. However,
we observed a decrease in the expression of the gene encod-
ing the fatty acid synthesis enzyme, Acc, and an increase
in the expression of the gene encoding the TAG lipase
bmm, suggesting that fatty acid synthesis may be dimin-
ished. Lipolysis increased in flies treated with Glutl RNAI,
which is not consistent with the TAG accumulation pheno-
type in the intestines of these flies. Another possible expla-
nation for the excess intestinal TAG storage phenotype is
that Glut! RNAI flies may have a defect in lipid transport
out of the intestine. In Drosophila, lipids are packaged into
lipophorin proteins, a process mediated by the apolipopro-
tein LTP and MTP [20]. Decreased expression of each of
these apoB-containing protein genes results in lipid droplet
accumulation in the fly gut [20]. Consistent with this find-
ing, we observed that apoltp and apolpp expression de-
creased and approached statistical significance, whereas a
decrease in mip expression was statistically significant in
Glutl RNAI flies. This finding may suggest that reduced
intestinal Glutl expression promotes TAG accumulation in
the intestine, potentially through impaired lipoprotein as-
sembly, thereby decreasing lipid export from enterocytes.
However, how loss of Glutl in the fly intestine results in
changes in the expression of these apoB-containing lipopro-
teins is unknown. Perhaps altered glucose transport in the
intestine might signal a glucose-responsive transcription
factor to block transcription of these lipid transport genes;
further experimentation will be necessary to test this hy-
pothesis.

5. Limitations

A limitation of this study is that we have shown
that the expression of genes encoding proteins important
for lipid metabolism and transport is altered by measur-
ing mRNA levels of these genes. While mRNA levels of
a given gene often correlate with protein levels or even
protein activity, that is not always the case. Overall lipid
metabolic flux and/or transport may be unchanged in Glut!
RNAI intestines despite alterations in mRNA expression of
genes encoding key lipid metabolic enzymes. Measuring
the protein levels and/or activity of the specific enzymes im-
portant for lipid metabolism and transport that were shown
to be differentially expressed in this study, such as Acc,

bmm, and mtp, could help test this hypothesis. Another
limitation of this study is that the second Glut/ RNAI line
was less effective at reducing Glut/ mRNA levels than the
first. Since the Mex-Gal4 driver is expressed only in in-
testinal enterocytes [ 18], other cell types may dilute an oth-
erwise mild Glutl knockdown in whole-intestine samples.
However, since glycogen levels and feeding were decreased
when both RNAI lines were used to target Glutl, this sug-
gests that Glutl levels in enterocytes are being reduced by
the second line, even though this decrease cannot be de-
tected by qPCR of whole intestines. Further characteriza-
tion of this second Glut! RNAI line will help us better un-
derstand the Glutl threshold in the intestine necessary to
regulate nutrient storage in the intestine and throughout the
fly.

6. Conclusions

In summary, this study focused on better character-
izing the metabolic effects observed in Drosophila with
intestine-specific reductions in the glucose transporter
Glutl. Together, the data presented here identify a role for
glucose transport in a single tissue in controlling organismal
metabolism and behavior, thereby promoting physiological
homeostasis. Glucose transporters in Drosophila and hu-
mans are highly conserved (in fruit flies, the GLUT1 trans-
porter is homologous to human GLUT1-GLUTS [28]), sug-
gesting that what we learn here may also hold in higher or-
ganisms. For example, Glut2 is expressed in several hu-
man cell types, including intestinal epithelial cells, where
it functions as a glucose transporter, allowing glucose to
move both into and out of enterocytes [29,30]. In addi-
tion, mice with a homozygous deletion of Glut2 are hy-
perglycemic and have impaired insulin secretion, hallmarks
of diabetes [31]. Another mammalian glucose transporter,
Glutd4, is expressed in the insulin-sensitive tissues of the
heart, skeletal muscle, and adipose tissue and translocates to
the plasma membrane in response to insulin, thereby regu-
lating glucose uptake rates across different metabolic states
[32]. Moreover, some human populations with type 2 di-
abetes had decreased Glut4 gene expression or Glut4 gene
variants [33,34], suggesting a role for this glucose trans-
porter in the pathogenesis of the disease. Therefore, it is
possible that glucose transporters could act in the mam-
malian intestine to control hepatic and/or muscle glycogen
storage as well as food consumption to regulate metabolic
homeostasis, as observed here in flies. Expanding our
knowledge of the tissue-specific control of energy storage
and feeding behavior may deepen our understanding of the
pathogenesis of metabolic diseases and potentially lead to
the development of additional treatments.
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