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I’m Not Dead Yet (Indy) is a fly homologue of the mammalian SLC13A5 (mSLC13A5)
plasma membrane citrate transporter, a key metabolic regulator and energy sensor
involved in health, longevity, and disease. Reduction of Indy gene activity in flies, and
its homologs in worms, modulates metabolism and extends longevity. The metabolic
changes are similar to what is obtained with caloric restriction (dietary restriction). Similar
effects on metabolism have been observed in mice and rats. As a citrate transporter, INDY
regulates cytoplasmic citrate levels. Indy flies heterozygous for a P-element insertion have
increased spontaneous physical activity, increased fecundity, reduced insulin signaling,
increased mitochondrial biogenesis, preserved intestinal stem cell homeostasis, lower lipid
levels, and increased stress resistance. Mammalian Indy knockout (mIndy-KO) mice have
higher sensitivity to insulin signaling, lower blood pressure and heart rate, preserved
memory and are protected from the negative effects of a high-fat diet and some of the
negative effects of aging. ReducingmIndy expression in human hepatocarcinoma cells has
recently been shown to inhibit cell proliferation. Reduced Indy expression in the fly intestine
affects intestinal stem cell proliferation, and has recently been shown to also inhibit germ
cell proliferation in males with delayed sperm maturation and decreased spermatocyte
numbers. These results highlight a new connection between energy metabolism and cell
proliferation. The overrall picture in a variety of species points to a conserved role of INDY
for metabolism and health. This is illustrated by an association of high mIndy gene
expression with non-alcoholic fatty liver disease in obese humans. mIndy (mSLC13A5)
coding region mutations (e.g., loss-of-function) are also associated with adverse effects in
humans, such as autosomal recessive early infantile epileptic encephalopathy and
Kohlschu€tter−To€nz syndrome. The recent findings illustrate the importance of mIndy
gene for human health and disease. Furthermore, recent work on small-molecule
regulators of INDY highlights the promise of INDY-based treatments for ameliorating
disease and promoting healthy aging.
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INTRODUCTION

The I’m Not Dead Yet (Indy) gene encodes a plasma membrane
citrate transporter whose physiological role is highly conserved
across species (Rogina et al., 2000; Knauf et al., 2002; Knauf et al.,
2006; Rogina 2017). Reduced Indy gene activity in flies and
reduced expression of Indy homologues in worms extends
longevity by affecting metabolism in a manner similar to
calorie restriction (CR) (Fei et al., 2004; Neretti et al., 2009;
Wang et al., 2009; Rogers and Rogina 2014; Schwarz et al., 2015).
The role of Indy in metabolism and longevity was first described
in flies (Rogina et al., 2000). INDY was subsequently shown to be
a citrate transporter in flies, worms, and mammals (Inoue et al.,
2002a; Knauf et al., 2002; Inoue et al., 2004; Knauf et al., 2006).
INDY has high sequence similarity to the mammalian transporter
mINDY, also referred as mSLC13A5. However, the two
transporters differ in their substrate affinity and transporting
mechanism, which is discussed in detail in the next section (Inoue
et al., 2002b; Knauf et al., 2002; Inoue et al., 2004; Knauf et al.,
2006; Kopel et al., 2021). Intracellular citrate plays a key role in
the energy homeostasis of a cell by affecting glycolysis, the TCA
cycle, fatty acid synthesis and gluconeogenesis. Intracellular
citrate levels are regulated by INDY and the mitochondrial
citrate transporter SLC25A1, also called the citrate/isocitrate
carrier (CIC) (Ferramosca and Zara, 2014). INDY transports
extracellular citrate into cells and CIC exports citrate from
mitochondria. INDY and mINDY are most highly expressed
in tissues regulating systemic metabolism. In flies, INDY is
predominantly expressed on the plasma membrane of midgut
cells, fat body cells, and oenocytes (Rogina et al., 2000; Knauf
et al., 2002). The fat body and oenocytes are analogous to human
adipose tissue and liver, respectively (Ugur et al., 2016). In
mammals, mINDY is primarily expressed in liver, testis and
brain, (Inoue, et al., 2002a; von Loeffelholz et al., 2017),
consistent with its roles in metabolic regulation and cell
proliferation.

Here we review studies in mice, rats, tissue culture, non-
human primates, and humans that confirm a highly conserved
role of Indy in metabolism and cell proliferation (Rogina 2017).
Genetic or pharmacological reduction of Indy activity confers
benefits and prevents the negative effects of a high-fat diet or age
(von Loeffelholz et al., 2017). Strikingly similar effects of Indy
reduction on cellular metabolism and proliferation were observed
in flies and hepatocarcinoma cells. In flies, Indy reduction in the
midgut modifies metabolism, decreases ROS production, and
reduces energy available for intestinal stem cell proliferation,
thereby preventing an age-associated increase in intestinal stem
cell proliferation (Rogers and Rogina 2014). Similarly, reduction
of mIndy in human hepatocarcinoma cells inhibits cell
proliferation by affecting metabolism and reducing energy
available for cell division (Li et al., 2017). Recent studies
describe the novel role of INDY in sperm maturation and
food uptake, which is mediated by the close proximity of the
fly testes and a specific region of the fly midgut (Hudry et al.,
2019). Fly testes release the cytokine Upd1, which activates JAK/
STAT signaling in enterocytes and regulates sex-specific
differences in sugar-related gene expression. Citrate is released

by INDY from enterocytes and is taken up by testes cells, where it
mediates spermatocyte maturation. Citrate also mediates inter-
organ signaling leading to increased food uptake (Hudry et al.,
2019). Increased mIndy levels are associated with obesity and
insulin insensitivity in patients with non-alcoholic fatty liver
disease (NAFLD) (von Loeffelholz et al., 2017). Moreover,
mutations in the mIndy coding region and loss of mINDY
function in humans are linked to early infantile epileptic
encephalopathy and Kohlschu€tter−To€nz syndrome, which are
autosomal recessive diseases characterized by epilepsy,
psychomotor delay, intellectual disability, and moderate
gastrointestinal and pulmonary defects (Thevenon et al., 2014;
Hardies et al., 2015; Klotz et al., 2016; Brown et al., 2021).
Differences between beneficial and mild phenotypes associated
with deletion of mIndy in mice and deleterious effects associated
with the presence of two copies of mutations in the coding region
of human mINDY, could be explained by species-specific
differences in transporting characteristics, tissue-specific
mINDY abundance and the cell-specific role of citrate in
metabolism (Kopel et al., 2021). Indy research is a striking
example of how studying flies can reveal novel genes of vital
importance to humans (Helfand and Rogina, 2003a; Helfand and
Rogina, 2003b). In addition to identifying this gene, flies and
other model systems have revealed a previously unknown
mechanism for regulating metabolism, homeostasis, health and
longevity involving cytoplasmic citrate levels.

Biochemical and Biophysical Properties of
INDY (SLC13A5) Transporter
The Indy gene is a tricarboxylic acid (TCA) transporter first
described in Drosophila melanogaster (Rogina et al., 2000).
Studies by Inoue et al. and Knauf et al. identified Indy as a
Na+-independent transporter for several TCA cycle intermediates
with the highest affinity for citrate (Knauf et al., 2002; Inoue et al.,
2002b; Inoue et al., 2004; Knauf et al., 2006). Functional studies
using INDY-expressing Xenopus oocytes showed that INDY
mediates efflux of [14C]citrate from oocytes in exchange for
succinate. Additional studies have shown exchange of citrate
for citrate and citrate for oxaloacetate. Furthermore, efflux of
[14C]succinate from INDY-expressing oocytes could be
stimulated by addition of citrate, α-oxaloglutarate, and
fumarate. These experiments identified INDY as an anion
exchanger that mediates the exchange of citrate for
dicarboxylate and a proton. This transport is electroneutral
and pH-dependent (Knauf et al., 2006).

Mammalian INDY (mINDY) frommice, rats, and humans is a
Na+-dependent transporter with high affinity for citrate, in
contrast to the Na+-independent nature of fly INDY (Inoue,
et al., 2002a; Inoue, et al., 2002b; Inoue et al., 2004), and is called
NaCT (Na+-coupled citrate transporter). The affinities of fly
INDY and rat mINDY for citrate are similar. mINDY is a
member of the DASS (divalent anion symporter)
transmembrane protein family. This family has five members:
SLC13A2 (NaDC1), SLC13A5 (NaCT or mINDY), and SLC13A3
(NaDC3), which predominantly cotransport di- and tri-
carboxylates, and SLC13A1 and SLC13A4, which transport

Frontiers in Aging | www.frontiersin.org December 2021 | Volume 2 | Article 7821622

Mishra et al. INDY—Yin and Yang

https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles


sulphate. DASS proteins function with an “elevator mechanism”
wherein the transport domain carrying the carboxylate ion moves
between inward and outward states across the cell membrane
while attached to a scaffold domain (Mulligan et al., 2016; Sauer
et al., 2021). Human and rat mINDY proteins function similarly,
and have amino acids sequences exhibiting 77% identity and 87%
similarity. However, there are differences in the affinity of the two
transporters to citrate. The rat/mouse transporter is a high-
affinity and low-capacity type, while the human mINDY
(mSLC13A5) transporter is a low-affinity and high-capacity
type (Kopel et al., 2021). This difference in affinities can be
attributed to the various structural differences that exist between
the two proteins. The rat/mouse transporters are completely
saturated under physiological conditions with plasma citrate
concentrations of 150–200 μM and will not respond to any
further increase in circulating citrate levels. In contrast, human
transporters are not saturated and therefore can respond to
increases in citrate levels (Inoue et al., 2002b; Inoue et al.,
2004). These differences in transport kinetics could lead to
different outcomes associated with lack of mINDY in mIndy
knock-out (mIndy-KO) mice or mutations in the citrate
transporter in humans.

The first INDY crystal structure was determined for Vibrio
cholerae INDY (VcINDY), a related transporter in bacteria,
which shares only 26–33% sequence identity with its
mammalian counterpart (Mancusso et al., 2012). The
Ganapathy group provided a new model of the INDY
protein structure using the Robetta pipeline, which attempts
to explain the cause of detrimental effects of mutations in
mIndy (mSLC13A5) in neonatal patients (Sauer et al., 2021).
This model prediction is based on modeling of known
structures of VcINDY and YdaH transporters (a transporter
from AbgT transporter family in Alcanivorax borkumensis)
and therefore could be significantly different that the actual
structure of human mINDY. Sauer et al. (2021) also recently
described the structure of the human citrate transporter
mINDY in complex with citrate using cryo-electron
microscopy (cryo-EM). The authors showed that mINDY
forms a homodimer and consists of scaffold and transport
domains. The mINDY-citrate complex confirms the Na-
dependent binding of mINDY to citrate, with a ratio of four
Na+ ions to one citrate. The precise positions of two out of four
Na binding sites were identified, and these positions coincided
with previous findings that Na+ affinities were reduced when
mutations were generated in the surrounding residues
(Schlessinger et al., 2014). The locations of the remaining
two Na binding sites (Na3 and Na4) were not apparent in
the structure. They observed that citrate was bound in a basic
pocket between the Na1 and Na2 binding sites. The two Ser-
Asn-Thr (SNT) motifs and surrounding residues are
responsible for binding citrate. Several studies have shown
that mutations in these regions led to reduced transport
activities (Klotz et al., 2016). Several missense mutations
that affect residues near the citrate binding sites in mINDY
(mSCL13A5) cause epilepsy suggesting that these mutations
might be interfering with citrate binding activities (Hardies
et al., 2015).

Indy, Metabolism and Longevity
Citrate is a central metabolite in the TCA cycle. It is
predominantly generated in the mitochondrial matrix from
oxaloacetate and acetyl CoA. Its role in the TCA cycle is to
produce NADH and FADH2, which ultimately produces ATP.
Excess citrate is transported from the mitochondria into the
cytoplasm by SLC25A1 (also named citrate/isocitrate carrier;
CIC), which transports citrate out and brings malate into the
mitochondria (Ferramosca and Zara, 2014). In the cytoplasm,
citrate plays major roles in glycolysis, gluconeogenesis, and fatty
acid and cholesterol biosynthesis, as well as acetylation of
histones in the nucleus (Figure 1). INDY has different tissue
expression patterns in different organisms, perhaps reflecting
specialized needs for cytoplasmic citrate. For example, in
neurons, citrate is involved in the production of several
neurotransmitters. In addition to cellular citrate, high
concentrations (150–200 μM) of citrate circulate in plasma.
Circulating citrate is taken up by cells expressing INDY
homologs.

In flies, reduction of IndymRNA and INDY protein levels was
originally studied using a P-element insertion in the first intron of
the Indy gene, upstream of the putative transcriptional start site
or the putative translational start site (Rogina et al., 2000; Knauf
et al., 2002; Rogina and Helfand 2013; Rogers and Rogina 2014).
While the presence of a P-element in the non-coding region
affects transcription, leading to lower Indy mRNA and INDY
protein levels, the protein remains wild type. Multiple
independent Indy insertion alleles were subsequently
identified, starting with the Indy206, Indy302 and Indy159 alleles
but expanding to include numerous additional P-element
insertions; all of these alleles reduce Indy gene activity and
confer longer lifespans. Exact excision of P-elements from
several Indy alleles reverted longevity to control levels (Rogina
et al., 2000; Rogina and Helfand, 2013; Rogers and Rogina, 2014).
Some of these additional Indy alleles are intronic P-element
insertions (Rogina and Helfand 2013; Rogers and Rogina,
2014). In both Drosophila and mice, lifespan is markedly
influenced by genetic background, as would be expected for a
complex phenotype affected by many pleiotropic genes and
epistasis (Frankel and Rogina, 2021). Indy alleles produce
longevity extension in several different genetic backgrounds,
including the Canton-S wild type strain, the Hyperkinetic,
Shaker, drop-dead strains, and the short- and long-lived lines
created by Luckinbill (Luckinbill and Clare, 1985; Rogina et al.,
1997; Rogina et al., 2000; Rogina and Helfand, 2013). Longevity
was observed with the Indy206/+ allele after 10 generations of
backcrossing into the yw genetic background but not after
backcrossing into the w1118 background (Toivonen et al., 2007;
Wang et al., 2009). The effect of CR upon lifespan, in both flies
and mice, is also affected by genetic background (Frankel and
Rogina, 2021). CR has a marginal effect upon lifespan in the w1118

background. The lack of an effect of Indy206/+ on lifespan in the
w1118 background is likely connected to the lack of a CR response
in the same background (Toivonen et al., 2007;Wang et al., 2009).
Longevity extension was also observed in natural populations of
flies heterozygous for the Hoppel transposon insertion variant in
the first intron of the Indy gene (Zhu et al., 2014). Flies
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heterozygous for the Hoppel element have lower Indy mRNA
levels, higher fecundity and have preserved heterozygosity under
laboratory conditions confirming fitness advantages.
Physiological changes in Indy206/+ flies are similar to those
observed in calorie-restricted flies: increased mitochondrial
biogenesis mediated by increased expression levels of the
transcription factor PGC1/Spargel, reduced reactive oxygen
species (ROS) production, reduced oxidative damage,
increased resistance to oxidative stress, increased spontaneous
physical activity, reduced insulin/insulin-like growth factor (IIS)
signaling, metabolic changes similar to CR including lower lipid
levels, and preserved intestinal stem cell homeostasis (Rogina
et al., 2000; Bross, et al., 2005; Parashar and Rogina, 2009; Wang
et al., 2009; Neretti et al., 2009; Frankel and Rogina 2012; Rogers
and Rogina 2014). Reduction of INDY homolog expression in
worms and mice also resembles the metabolic effects of CR.
Worms in which RNAi-mediated silencing reduces Indy mRNA
levels are smaller in size, have reduced lipid levels, and live longer
(Fei et al., 2004; Schwarz et al., 2015). While the effect of mINDY
reduction on the lifespan of mice has not been reported,
mINDY−/− mice (also referred as mIndy-KO) have increased
energy consumption, higher locomotor activity, decreased
plasma glucose, and decreased insulin levels (Birkenfeld et al.,

2011). On a high fat diet, there is reduced hepatic lipogenesis,
increased mitochondrial biogenesis, enhanced hepatic fatty acid
(FA) oxidation, protection from obesity, and preserved insulin
sensitivity (Birkenfeld et al., 2011). Further support that Indy
reduction mimics CR is provided by similarities in transcriptional
changes found in the livers of mINDY−/− mice and CR mice
(Birkenfeld et al., 2011). Similarly, adult rats kept on a high-fat
diet have lower hepatic lipid levels and increased insulin
sensitivity when INDY was reduced in the liver with antisense
oligonucleotides (Pesta et al., 2015). Taken together, studies in
flies, worms, and mice, show close parallels between Indy
reduction and CR.

It is important to note that under normal laboratory
conditions, longevity extension in Indy206/+ and Indy302/+ flies
is not associated with physiological tradeoffs: Indy206/+ and
Indy302/+ flies have the same metabolic rate, the same
maximal flight velocity, the same food uptake and negative
geotaxis, and even higher fecundity compared to controls
(Marden et al., 2003; Wang et al., 2009). Aged on a high
calorie diet, Indy206/+ flies don’t gain weight (Wang et al.,
2009). Consistent with being in a state of CR, Indy206/+ and
Indy302/+ female flies aged on a low-calorie diet have lower
fecundity compared to control flies on a CR diet (Marden

FIGURE 1 | The INDY plasma membrane citrate transporter affects metabolism of several energy-related pathways. INDY as an exchanger of the TCA cycle
intermediates between the cell and circulatory system affects cytoplasmic citrate levels. ATP-citrate lyase (ACLY) breaks down citrate to acetyl-CoA and oxaloacetate;
the latter can be used in gluconeogenesis via phosphoenolpyruvate carboxylase (PEPC) or be converted to malate by malate-dehydrogenase (MDH). Acetyl-CoA
carboxylase (ACC) catalyzes the first step of conversion of acetyl-CoA to fatty acids and cholesterol (lipogenesis). Acetyl-CoA plays a role in histone acetylation.
Citrate inhibits glycolysis as an allosteric inhibitor of rate-limiting enzyme phosphofructokinase-1 (PFK-1). Citrate stimulates gluconeogenesis by allosterically activating
fructose-1,6-bisphosphatase (F-1,6-BP). Excess citrate is transported from the mitochondria into the cytoplasm via the citrate/isocitrate carrier; CIC.
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et al., 2003). Longevity studies provide further support that Indy
reduction creates CR: maximal effect on longevity was observed
in Indy206/+, Indy302/+ and Indy159/+ flies with mean lifespan
extended between 80–100% and maximal life-span extended by
about 50% (Rogina et al., 2000). Further Indy reduction, such as
in Indy206/Indy206 homozygous flies, increases longevity by only
20% (Rogina et al., 2000; Rogina and Helfand, 2013). Longevity
studies in flies raised on food with different calorie contents
showed that Indy and CR’s effects on longevity interact. First, the
levels of Indy mRNA are reduced in wild type flies on a CR diet
(Wang et al., 2009). Longevity of Indy206/+ is greatly extended on
a high calorie diet and standard diet, however, it is not further
extended by CR. Longevity of Indy206/Indy206 homozygous flies is
extended on a high calorie diet, to a lesser extent on a standard
diet but it is reduced on a low-calorie diet, most likely due to
starvation (Marden et al., 2003; Wang et al., 2009).

Indy as a Metabolic Regulator: Effects of
Age, Diet, Hormones, and Pharmacological
Treatments on Indy mRNA Expression
Levels
INDY plays a key role in metabolic regulation by affecting
cytoplasmic citrate levels. This role has been underscored by
studies showing that cell energy requirements affect Indy
expression levels. For instance, mIndy levels in primary rat
hepatocytes are up-regulated by glucagon, which is released
during early starvation. Glucagon binds to the cAMP-
dependent and cAMP-responsive element binding protein
(CREB)-dependent binding site in the promoter region of
mIndy, thereby increasing mIndy expression (Neuschäfer-
Rube et al., 2014). This leads to increased citrate uptake
and fatty acid synthesis in primary rat hepatocytes.
Prolonged starvation results in decreased levels of mIndy,
likely due to glucagon’s short half-life. In the midguts of
wild-type flies, CR leads to a 50% reduction in Indy mRNA
compared to its levels on a standard diet (Rogers and Rogina
2014). Furthermore, fly midguts of control flies have increased
Indy mRNA during aging on a standard diet, when aged on a
high-calorie diet or under conditions that mimic aging. It is
highly likely that increased Indy expression in fly midguts
during aging is due to the increased energy needs caused by
increased intestinal stem cell (ISC) proliferation. This is
supported by the finding that reduced Indy activity in
heterozygous Indy206/+ and IndyYC0030/+ flies is associated
with reduced ISC proliferation and preservation of ISC
function (discussed below) (Rogers and Rogina 2014). In
contrast, a high-calorie diet increases Indy mRNA
expression levels leading to unhealthy conditions. Perhaps
not surprising, a direct link was found between increased
hepatic mIndy levels and human non-alcoholic fatty liver
disease (NAFLD) (von Loeffelholz et al., 2017). NAFLD is
associated with development of insulin resistance, type 2
diabetes (T2D), and liver cirrhosis (Postic and Girard
2008). mIndy expression in the liver was coupled to body
mass index (BMI) and to liver fat: reduced mIndy levels are
associated with low amounts of liver fat in lean subjects, while

increased mIndy levels were found in subjects with higher BMI
and high liver fat. A similar increase in hepatic mIndy levels
was observed in non-human primates fed a high-fat diet for
2 years. Whole genome transcription analysis of liver samples
revealed that NAFLD is associated with increased expression
levels of genes involved in lipid metabolism and immunological
processes. Furthermore, increased interleukin-6 (IL-6) levels
activate transcription of mIndy via the transcription factor
Stat3 and its binding to two STAT-binding sites in the Indy
promoter region. Activation of the IL-6-Stat3 pathway
increases mIndy expression, resulting in increased citrate
uptake and increased hepatic lipogenesis in vivo. The key
experiments that showed a direct link between IL-6 and
increased mIndy levels were performed in mINDY−/− mice,
in which stimulatory effects of IL-6 on mIndy levels, citrate
uptake, and FA synthesis were missing.

Activation of the aryl hydrocarbon receptor (AhR) leads to
fatty liver diseases in animal models and in humans. AhR induces
mIndy expression in rat hepatocytes suggesting that induction of
mIndy leads to increased levels of cytoplasmic citrate and fat
synthesis (Neuschäfer-Rube et al., 2015). A potential AhR
binding site was identified in the mIndy promoter region,
which when eliminated, prevents activation of mIndy
expression via AhR. Similarly, mIndy is a transcriptional target
for the pregnane X receptor via two enhancer modules upstream
of the mIndy (mSLC13A5) gene transcription start site in human
primary liver cells (Li et al., 2015). Activation of the pregnane X
receptor by the drug rifampicin activatesmIndy transcription and
lipid accumulation in human hepatocytes (Li et al., 2015).

Indy, Intestinal Stem Cells and
Hepatocellular Carcinoma
Intestinal stem cells (ISC) are vital for replacement of damaged
cells and maintenance of gut integrity and function. ISC
division rate adapts to intestinal growth requirements,
damage, stress, as well as nutrients in Drosophila and in
mammals. While ISCs are essential for replacing damaged
cells during aging, continuous exposure to toxins and ROS
results in uncontrolled ISC division rate, generating large
numbers of ISCs and enteroblasts (EB). This surpasses the
differentiation potential of EB and leads to the accumulation of
polyploid aggregates that cannot replace damaged cells (Choi
et al., 2008; Hochmuth et al., 2011), compromising intestinal
integrity. CR maintains ISC homeostasis in older flies and Indy
reduction is similar to CR in its effects on ISC cells. In flies,
Indy is strongly expressed on the basolateral membrane of
midgut cells. Indy reduction (Indy206/+ and IndyYC0030/+ flies)
increases the levels of the transcription factor dPGC-1/spargel,
resulting in increased mitochondrial biogenesis (Rogers and
Rogina 2012; Rogers and Rogina 2014; Rogers and Rogina
2015). Furthermore, these mitochondria produce less ROS,
and have increased mitochondrial membrane potential during
aging, indicating preserved function (Rogers and Rogina 2014;
Rogers and Rogina 2015). INDY reduction also leads to
increased levels of antioxidant genes. These physiological
changes delay age-associated increases in the ISC
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proliferation rate, leading to preserved ISC homeostasis
(Rogers and Rogina 2014; Rogers and Rogina 2015; Kannan
and Rogina 2021). Altogether, these data indicate that Indy/
INDY expression levels are key for cell proliferation. A similar
negative effect upon cell proliferation is seen in human
hepatocarcinoma cells when Indy gene activity is inhibited,
most likely by reducing energy required for cancer cell
proliferation (Li et al., 2017; Peters 2017). The authors
showed that when mINDY expression was silenced in
human hepatocellular carcinoma HepG2 cells, using
mINDY-shRNA, xenographs derived from the HepG2 cells
did not produce tumors when the cells were injected into nude
mice (Li et al., 2017; Peters 2017). Knockdown of mINDY was
linked to decreased intracellular citrate levels, reduced ATP/
ADP ratio and reduced ATP citrate lyase expression.
Remarkably, mINDY reduction resulted in inhibition of
oncogenic target of rapamycin signaling via activation of
the AMP-activated protein kinase. Similarly, application of a
mSLC13A5 inhibitor suppressed lipid synthesis, decreased
cell viability, ROS production and induced apoptosis of
HepG2 cells (Phokrai et al., 2018). These studies demonstrate
potential of use of SLC13A5 inhibitors as a novel anti-cancer
therapeutic candidate.

The Role of INDY in Spermatogenesis
A new role for INDY and extracellular citrate in inter-organ
communication has been recently described (Hudry et al.,
2019). Hudry et al. (2019) showed that intestinal
carbohydrate metabolism in flies is sex-dependent. This
sex-dependent effect is mediated by the close proximity
between the testes and the adjacent intestinal section R4.
The testes release the cytokine Upd1, which induces JAK/
STAT signaling in enterocytes of the R4 region of the midgut,
in turn modulating the expression of genes involved in the
handling and metabolism of various sugars, as well as
modulating cytosolic citrate production. INDY transports
citrate out of the R4 gut cells, allowing citrate uptake in
the testes and sperm maturation (Hudry et al., 2019). Genetic
studies confirmed that INDY is required for the citrate
transport needed for sperm maturation, illustrated by a
decrease in spermatocyte numbers in the testes of Indy
knockout flies (Hudry et al., 2019). It has been suggested
that citrate can affect sperm maturation by increasing TCA
cycle activity, by acting as a substrate for the fatty acid
synthesis (necessary for sperm elongation), and perhaps by
affecting histone acetylation via its conversion to acetyl-CoA
(Hudry et al., 2019). It would be of interest to examine the
role of mINDY in testes of mice, rats and humans, though
mINDY is expressed at low levels in mammalian testis (Inoue,
et al., 2002a; von Loeffelholz et al., 2017). In contrast, Indy206/+ and
Indy302/+ female flies have increased fecundity compared to
controls suggesting sex-specific differences with Indy reduction
in flies (Rogina et al., 2000; Marden et al., 2003; Kannan and
Rogina, 2021). Similar increases in female fecundity were
observed in natural populations of flies containing the
Hoppel transposable element in the Indy region (Zhu et al.,
2014).

mINDY and Heart Disease
A recent study in mINDY−/− (mIndy-KO) mice described a novel
role for mINDY in regulating blood pressure via its effects on the
sympathoadrenal axis (Birkenfeld et al., 2011; Willmes, et al.,
2021). Arterial blood pressure and heart rate were lower in
mINDY−/− mice, and this effect was mediated by a reduction
in catecholamine biosynthesis. In vivo findings on the effects of
mINDY reduction on inhibition of catecholamine biosynthesis
were confirmed using mouse pheochromocytoma cells (MPCs),
which are derived from the chromaffin cells of the adrenal
medulla. Addition of citrate increased catecholamine
biosynthesis, while treatment with the mINDY competitive
inhibitor PF-0676128 reduced catecholamine biosynthesis,
confirming the role of mINDY-mediated transport in
regulating catecholamine levels. CR reduces blood pressure by
a similar mechanism (Gay et al., 2016). The ability of mINDY to
regulate blood pressure and heart rate widens its utility as a target
for future therapies.

Neurological Effects of mIndy Reduction in
the Mouse
A recent study showed that systemic mIndy deletion in
mIndy-KO mice increased motor coordination and
improved social and recognition memory performance
(Fan et al., 2021). These mice were obtained from the
European Conditional Mouse Mutagenesis Program, and
carry a LacZ reporter cassette between exons 3 and 4 of
the mIndy gene and several FRT and loxP sites allowing
tissue-specific mIndy deletion, which are different from the
mINDY−/− (mIndy-KO) described in Birkenfeld et al.
(Birkenfeld et al., 2011; Fan et al., 2021). Identical effects
were observed in wild-type mice subjected to CR. There were
no additional effects when mIndy-KOmice were kept on a CR
diet, suggesting a shared mechanism for CR and mIndy-KO
effects on memory. A similar but lower effect on memory was
observed in mice with a nervous system-specific deletion of
mIndy. The beneficial effect of Indy reduction on memory was
associated with significantly increased neurogenesis in the
hippocampal dentate gyrus, which was previously observed in
CR mice. These effects were not found in control mice with
liver-specific mIndy reduction, illustrating that mIndy
deletion in the nervous system was required for increased
neurogenesis. mINDY deletion in the murine nervous system
was not associated with epilepsy, and as noted above, these
mice had improved memory (Fan et al., 2021). This is in
contrast to detrimental phenotypes associated with loss-of-
function mIndy mutations in humans (discussed more
below), which could suggest that INDY transporter
characteristics in mice and humans are different. More
work will be needed to understand these differences. The
original study on mINDY−/− mice did not report any epileptic
episodes or any behavioral defects (Birkenfeld, et al., 2011). A
recent neurological investigation using the same mINDY−/−

mouse strain showed that the absence of mIndy affects citrate
levels in cerebrospinal fluid and, in a fraction of the mice,
neuronal network excitability in the hippocampus
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(Birkenfeld, et al., 2011; Henke, et al., 2020). Behavioral tests,
video-EEG monitoring, and electrophysiologic studies
revealed that a fraction of mINDY−/− mice have an
increased propensity for epileptic seizures and proepileptic
neuronal excitability. Additional proteomic and metabolomic
analysis of murine brain and cerebrospinal fluid point to
changes in citrate levels as the most likely source of the
observed changes (Henke, et al., 2020).

Neurological Effects of mIndy (mSLC13A5)
Mutations in Humans
Mutations in the coding region of human mIndy (mSLC13A5),
which would result in a loss of function, lead to early infantile
epileptic encephalopathy (EIEE) (Thevenon et al., 2014; Hardies
et al., 2015; Klotz et al., 2016; Matricardi et al., 2020; Brown
et al., 2021). This is a rare autosomal recessive disease that
manifests as seizures in children within 24 h of birth, as well as
limited speech and motor skills, and developmental delays.
Most patients have tooth defects caused by lack of enamel. In
addition, patients experience mild non-neurological effects
such as gastrointestinal, cardiovascular and respiratory
complaints (Brown et al., 2021). Early growth is within the
normal range but a few adolescent patients experience slower
growth (Brown et al., 2021). Analysis of plasma, cerebrospinal
fluid, and urine from EIEE patients revealed elevated levels of
plasma citrate and other TCA cycle intermediates (Bainbridge
et al., 2017). About one hundred individuals have been
diagnosed with EIEE to date, which are caused by about 41
different mutations in the mIndy (mSLC13A5) gene
(Jaramillo-Martinez et al., 2021; Kopel et al., 2021).
Mutations have been classified into Class I through III
based on the likely impact a mutation might have on
protein transport function, protein expression, protein
trafficking, and protein stability (Jaramillo-Martinez et al.,
2021). Predictions are based on the proposed protein structure
of human mINDY. Class I includes missense mutations
making the transporter nonfunctional. Class II missense
mutations cause protein folding issues leading to defects in
membrane trafficking. Class III mutations include those that
interfere with protein synthesis, such as introduction of stop
codons or nonsense mutations (Duan et al., 2021).
Intriguingly, while the original mINDY−/− mice show no
obvious neuronal dysfunction, video-EEG monitoring and
electrophysiologic studies show that a fraction of mINDY−/−

mice have an increased predisposition for epileptic seizures
(Birkenfeld et al., 2011). Furthermore, mIndy-KO mice have
increased memory suggesting that different mIndy-KOmodels
may influence the levels of mIndy and the physiological
consequences differently (Fan et al., 2021).

Kohlschu€tter−To€nz syndrome (KTS) is another disease
associated with mIndy (mSLC13A5) mutations and the
phenotypes are similar to EIEE (Schossig et al., 2017). The
mechanism underlying this severe disorder is unknown, but
studies ofmIndy expression in the brain may provide some insights.

The mIndy gene encodes the only known neuronal plasma
membrane Na-dependent citrate transporter. RNA sequencing

(RNA-seq) data confirm mSLC13A5 expression in the
cerebellum, cerebral cortex, hippocampus, and olfactory bulb
(Inoue, et al., 2002a; Pajor, et al., 2001). There are several
theories as to the causes of epileptic encephalopathy.
Cytoplasmic citrate is used for lipid, cholesterol, glucose, and
glutamate synthesis, and malate derived from citrate is used for
energy production in mitochondria. Some have suggested that
mitochondrial dysfunction could lead to a decrease in ATP
production in neurons resulting in seizures (Zsurka and Kunz
2015; Bhutia et al., 2017; Kopel et al., 2021). Citrate is also the
precursor for several neurotransmitters such as acetylcholine,
GABA, and glutamate. Citrate is converted to acetyl CoA, which
is then converted into fatty acids and cholesterol that form the
myelin sheath in neurons. Zinc is chelated by citrate, which is a
known modulator of glutamatergic NMDA receptors. Therefore,
some speculate that directly or indirectly, these biological
functions of citrate might be affected by mutations in the
mINDY transporter function leading to epileptic seizures.
While most autosomal recessive mutations in mIndy should
lead to loss of INDY function, some mutations in the mIndy
coding region could potentially confer gain-of function
phenotypes instead.

mIndy-KO (mSLC13A5 KO) Mice and Bone
Mineralization
A 2017 study usingmIndy (mSLC13A5−/−) deficient C57BL/6 mice
demonstrated abnormal tooth enamel formation, bone
mineralization, and bone formation at 13 weeks of age (Irizarry
et al., 2017). ThesemSLC13A5−/−mice have not been used in other
studies. These abnormalities were characterized by discoloration of
incisors (which were also easily broken), tooth and mandibular
abscesses, and a 14% decrease in bone mineral density of the mid
femur, compared with heterozygous and wild-type controls.
mSLC13A5−/− mice described here had reduced overall body
size and decreased body weight compared to controls, which is
identical to findings observed in two othermSLC13A5−/− KOmice
models, described above. These mice had no signs of behavioral
abnormalities, seizures, or tremors (Irizarry et al., 2017).
Abnormalities in tooth and enamel structure were still present
at 32 weeks of age, demonstrating the critical role of the citrate
transporter in dental development. However, bone density and
formation were normal by 32 weeks, suggesting that the citrate
transporter may not be as crucial once a mature skeleton has
developed. EIEE patients that have biallelic loss of function in
mIndy exhibit amelogenesis imperfecta, a group of rare inherited
disorders associated with abnormal enamel formation (Schossig
et al., 2017). Another link between mIndy and abnormal bone
mineralization was observed in a mouse model of osteogenesis
imperfecta (OI): OI mice have 2.5-fold increased levels of mIndy,
suggesting increased citrate levels cause abnormal mineralization
in OI mice bones (Moffatt et al., 2021).

Small Molecule Inhibitors of INDY (SLC13A5)
Considering the important role of INDY (SLC13A5) in
metabolism, INDY has become a particularly attractive target
for the treatment of conditions such as obesity, diabetes, and
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cardiovascular diseases, (Birkenfeld et al., 2011; Rogina 2017;
Willmes et al., 2018). A variety of small molecules that inhibit
mINDY expression have been described (Huard et al., 2015;

Huard et al., 2016; Pajor et al., 2016). For example, PF2 (also
known as PF-06649298), a selective Na+/citrate transporter
(NaCT) inhibitor, has shown high affinity and specificity for
mINDY. The interactions of PF2 with mINDY were determined
using cryo-EM (Sauer et al., 2021). The protein structure of the
NaCT-PF2 complex was identical to the mINDY-citrate complex,
confirming the previous notion that PF2 is a competitive
inhibitor, which like citrate requires Na+ for binding. The PF2
interaction with the scaffold domain blocks the sliding
movement of the transport domain required for the
transporter to return to the outward facing conformation.
In addition, PF2 stops the release of Na+ ions leading to
inhibition of mINDY (Colas et al., 2015). Weekly injection
of liver-specific small interfering RNA (siRNA) against
mINDY prevented diet-induced NAFLD and improved
hepatic insulin sensitivity in adult C57BL/6J mice fed a
Western (high-fat) diet (Brachs et al., 2016). Similarly,
second generation antisense oligonucleotides that were
targeted to hepatic mIndy prevented diet-induced hepatic
insulin resistance and hepatic steatosis in rats (Pesta et al.,
2015). These rats had similar weight but had reduced fasting

FIGURE 2 | INDY as a therapeutic target: Genetic or pharmacological
inhibition of INDY levels/activity has potential to be used for treatment of non-
alcoholic fatty liver disease, insulin resistance, carcinogenesis, type 2
diabetes, diet- or aging-induced metabolic disorders, and high blood
pressure, as well in carcinogenesis.

FIGURE 3 | Yin–Yang: The role of INDY in metabolism, health, and longevity. (A) Yin - Reduced Indy in flies and its homologues in worms extends longevity, lowers
weight and reduces lipids. Reduced Indy results in reduced IIS, increases mitochondrial biogenesis in flies, mice and rats. mINDY−/− have reduced blood pressure and
increased memory coordination. Yang–increased Indy levels are link to non-alcoholic fatty liver disease (NAFLD), lipid accumulation and insulin resistance in mice, no-
human primates on high fat diet and obese insulin resistant humans. (B) Mutations in mIndy (mSLC13A5) cause autosomal recessive infantile epileptic
encephalopathy and Kohlschu€tter−To€nz syndrome associated with epilepsy, impaired enamel formation and developmental delays.
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plasma insulin levels and, reduced plasma and hepatic
triglycerides. Higuchi et al. performed a functional analysis
on BI01383298, an irreversible and non-competitive high-
affinity inhibitor of human INDY (SLC13A5) (Figure 2)
(Higuchi et al., 2020). Promising results were obtained
using mINDY as a target in treatment for hepatocellular
carcinoma (Li et al., 2017; Peters 2017; Phokrai et al.,
2018). HepG2 cells (human hepatocyte carcinoma cells with
high proliferation rates) treated with BI01383298 had
decreased cell proliferation, consistent with the effects of
mINDY inhibition on cell proliferation discussed earlier
(Higuchi et al., 2020).

CONCLUDING THOUGHTS

INDY is a plasma membrane citrate transporter predominantly
expressed in metabolically active tissues. Reduction of wild type
Drosophila Indy and worm homologues extend longevity and
have effects on metabolism similar to CR. mINDY−/− mice also
have metabolic effects that mimics CR. Our group and others
have characterized INDY as a physiological regulator, whose
expression adapts to the nutrient requirements of cells.
INDY’s metabolic effects are a result of its regulation of
cytoplasmic citrate, thereby modulating fatty acid synthesis,
and glucose metabolism, and energy production in
mitochondria. Reduced INDY expression decreases the weight
of flies, worms, and mice, and prevents many of the adverse
effects of high-fat diets and age on metabolism (Figure 3). Yin
and Yang of INDY effects: While low Indy levels are associated
with increases in overall organismal health, two recent reports
link increased mIndy levels with NAFLD in an experimental
mouse model of NAFLD and human patients with NAFLD
(Brachs et al., 2016; von Loeffelholz et al., 2017). The fact that
changes in expression of a single gene have strong downstream
effects leading to changes in liver metabolism, insulin sensitivity,
and development of NAFLD and T2D, opens up the possibility
for pharmacological manipulation. Therapeutic potential of

competitive stereo-specific inhibitors of the mINDY
transporting activity is promising. Temporal administration of
these inhibitors to mice reduced lipid levels, increased insulin
sensitivity, and protected them from high-fat-diet induced fatty
liver disease (Huard, et al., 2015). This underscores the need for
further studies on the molecular mechanisms underlying Indy’s
role in health, disease, and longevity. Of particular interest has
been the link between loss-of function mutations in mIndy
(mSLC13A5) and autosomal recessive disorders in children.
Taken together, further studies of the Indy gene could provide
essential insights for effective interventions to promote a healthier
and longer life.
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