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ABSTRACT
In acute organ injuries, mitochondria are often dysfunctional, and
recent research has revealed that recovery of mitochondrial and
renal functions is accelerated by induction of mitochondrial
biogenesis (MB). We previously reported that the nonselective
5-HT2 receptor agonist DOI [1-(4-iodo-2,5-dimethoxyphenyl)
propan-2-amine] induced MB in renal proximal tubular cells
(RPTCs). The goal of this study was to determine the role of
5-HT2 receptors in the regulation of mitochondrial genes and
oxidative metabolism in the kidney. The 5-HT2C receptor agonist
CP-809,101 [2-[(3-chlorophenyl)methoxy]-6-(1-piperazinyl)pyrazine]
and antagonist SB-242,084 [6-chloro-2,3-dihydro-5-methyl-N-[6-
[(2-methyl-3-pyridinyl)oxy]-3-pyridinyl]-1H-indole-1-carboxyamide
dihydrochloride] were used to examine the induction of renal
mitochondrial genes and oxidative metabolism in RPTCs and
in mouse kidneys in the presence and absence of the 5-HT2C
receptor. Unexpectedly, both CP-809,101 and SB-242,084 in-
creased RPTC respiration and peroxisome proliferator–activated
receptor g coactivator-1a (PGC-1a) mRNA expression in RPTCs
at 1–10 nM. In addition, CP-809,101 and SB-242,084 increased

mRNA expression of PGC-1a and the mitochondrial proteins
NADH dehydrogenase subunit 1 and NADH dehydrogenase
(ubiquinone) b subcomplex 8 in mice. These compounds in-
creased mitochondrial genes in RPTCs in which the 5-HT2C
receptor was downregulated with small interfering RNA and
in the renal cortex of mice lacking the 5-HT2C receptor. By
contrast, the ability of these compounds to increase PGC-1a
mRNA and respiration was blocked in RPTCs treated with
5-HT2A receptor small interfering RNA or the 5-HT2A receptor
antagonist eplivanserin. In addition, the 5-HT2A receptor
agonist NBOH-2C-CN [4-[2-[[(2-hydroxyphenyl)methyl]amino]
ethyl]-2,5-dimethoxybenzonitrile] increased RPTC respiration
at 1–100 nM. These results suggest that agonism of the
5-HT2A receptor induces MB and that the classic 5-HT2C
receptor agonist CP-809,101 and antagonist SB-242,084
increase mitochondrial genes and oxidative metabolism
through the 5-HT2A receptor. To our knowledge, this is the
first report that links 5-HT2A receptor agonism to mitochondrial
function.

Introduction
Mitochondrial dysfunction is a pathologic state underlying

many diseases, including chronic diseases such as diabetes,
Alzheimer’s disease, Huntington’s disease, and amyotrophic
lateral sclerosis, and acute injuries to the heart, liver, kidney,

and brain (Butterfield et al., 2001; Lifshitz et al., 2004;
Ballinger, 2005; Chen et al., 2011; Da Cruz et al., 2012;
Jaeschke et al., 2012). The kidney requires high levels of ATP
to drive the processes necessary for active tubular transport
and is at risk for mitochondrial dysfunction caused by acute
ischemia/reperfusion, drugs, toxicants, and diabetes (Ozbek,
2012). It has been demonstrated that recovery of mitochon-
drial function precedes recovery of cellular structure and
function in a renal proximal tubule cell (RPTC) model of
oxidant injury (Weinberg et al., 1997; Nowak et al., 1998;
Weinberg et al., 2000; Feldkamp et al., 2005). Our laboratory
has previously reported that mitochondrial proteins are sup-
pressed up to 144 hours after ischemic acute kidney injury,
which indicates that promoting the recovery of mitochondrial
function may be a viable therapeutic strategy for the treat-
ment of acute kidney injury (Rasbach and Schnellmann, 2007;
Funk and Schnellmann, 2012).
One strategy for improving mitochondrial function is promo-

tion of mitochondrial biogenesis (MB). MB is an intricate pro-
cess that drives coordinated transcription of both mitochondrial
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DNA and nuclear-encoded genes to increase cellular mito-
chondrial content. Mitochondrial health and homeostasis is
maintained through MB, mitochondrial fission and fusion,
and mitophagy; under physiologic conditions, these mecha-
nisms function together to remove unhealthy mitochondria
(Seo et al., 2010). Central to this process is the induction of
peroxisome proliferator–activated receptor g coactivator-1a
(PGC-1a), the “master regulator of MB” (Kelly and Scarpulla,
2004). Increases in PGC-1a lead directly and indirectly to the
transcription of genes necessary for mitochondrial function,
including nuclear respiratory factor, mitochondrial transcrip-
tion factor A, and genes that encode proteins of the electron
transport chain (Ventura-Clapier et al., 2008). The net result of
increased PGC-1a is the upregulation of electron transport
chain proteins, resulting in greater electron flux and increased
ATP production. PGC-1a expression can be induced by a
number of physiologic and pathologic stimuli, resulting in the
amelioration of mitochondrial dysfunction in several model
systems, including acute oxidant injury in RPTCs, amyotrophic
lateral sclerosis, and Huntington’s disease (Puigserver et al.,
1998; Rasbach and Schnellmann, 2007; Da Cruz et al., 2012;
Tsunemi et al., 2012).
Our drug discovery program inMBhas previously identified

several pharmacological targets that activate PGC-1a and
induce MB, including the b2 adrenergic receptor, phosphodi-
esterases inhibitors, and the 5-HT2 class of receptors (Rasbach
et al., 2010; Wills et al., 2012). Of these targets, the role of the
5-HT2 receptor in mitochondrial signaling has been explored
the least.
The 5-HT2 family of receptors is composed of three receptor

subtypes: 5-HT2A, 5-HT2B, and 5-HT2C. All 5-HT2 receptors
are G protein–coupled receptors traditionally described as
being coupled to Gq/11 protein for their signal transduction,
although some groups have suggested that at least some of
the receptor subtypes in this class may also couple to Gi/0

(Garnovskaya et al., 1995; Roth, 2006; Alexander et al., 2008).
Signaling of these receptors through Gq/11 second messengers
can lead to activation of pathways previously implicated in
the regulation of PGC-1a, and 5-HT has been identified as a
survival factor for mitochondria in cardiomyocytes through
5-HT2B receptor signaling (Nebigil et al., 2003). Several studies
examining 5-HT2 receptors in the kidney show 5-HT2A, 5-HT2B,
and 5-HT2C mRNA expression in cultured renal cells, in addi-
tion to 5-HT2A protein in renal mesangial cells (Garnovskaya
et al., 1995; Xu et al., 2007).
Consequently, previous investigations into the role of the

renal 5-HT2 receptor in mitochondria demonstrated that DOI
[1-(4-iodo-2,5-dimethoxyphenyl)propan-2-amine], a nonse-
lective 5-HT2 receptor agonist, induced MB and repaired
mitochondrial dysfunction caused by acute oxidant injury
in RPTCs (Rasbach et al., 2010). However, because DOI is a
5-HT2 receptor pan-agonist, the MB activity could not be
assigned to a specific 5-HT2 receptor. Thus, the goal of this

study was to determine the role of 5-HT2C receptors in
mitochondrial gene expression.
Unexpectedly, we found that the 5-HT2C receptor agonist

CP-809,101 and antagonist SB-242,084 both increased cellu-
lar respiration and genetic markers of MB through the 5-HT2A

receptor, in vitro and in vivo. To our knowledge, this is the
first report that 5-HT2A agonism is linked to a mitochondrial
function.

Materials and Methods
Reagents. CP-809,101 [2-[(3-chlorophenyl)methoxy]-6-(1-piperazinyl)

pyrazine] (Siuciak et al., 2007), SB-242,084 [6-chloro-2,3-dihydro-
5-methyl-N-[6-[(2-methyl-3-pyridinyl)oxy]-3-pyridinyl]-1H-indole-
1-carboxyamide dihydrochloride] (Bromidge et al., 1997), eplivanserin
(Rinaldi-Carmona et al., 1992), and NBOH-2C-CN [4-[2-[[(2-
hydroxyphenyl)methyl]amino]ethyl]-2,5-dimethoxybenzonitrile] (Hansen
et al., 2014) were purchased from Tocris Bioscience (Ellisville, MO). All
other chemicals were purchased from Sigma-Aldrich (St. Louis, MO).

Animal Care and Use. All experiments were performed in strict
accordance with the guidelines in the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. All protocols were
approved by the Institutional Animal Care and Use Committee at the
Medical University of South Carolina or Columbia University and
appropriate efforts were made to reduce animal suffering. This study
adhered to the Animal Research: Reporting of In Vivo Experiments
(ARRIVE) standards previously detailed by Kilkenny et al. (2010).

Isolation and Culture of Proximal Tubules. Female New
Zealand white rabbits (1.5–2.0 kg) were purchased from Charles
River Laboratories (Wilmington, MA). RPTC isolation was performed
using the iron oxide perfusion method, and RPTCs were cultured under
improved conditions as previously described (Nowak and Schnellmann,
1995, 1996). Three days after initial plating, dedifferentiated RPTCs
were trypsinized and replated on XF-96 polystyrene cell culture micro-
plates (Seahorse Bioscience, North Bellerica, MA) at a density of 18,000
cells/well and were maintained at 37°C for 3 days before pharma-
cological manipulation (Beeson et al., 2010). For other RPTC exper-
iments, isolated renal proximal tubules were plated in 35-mm dishes
and used 8 days after initial plating. RPTCs were treated with
experimental compounds for 24 hours.

Oxygen Consumption. The oxygen consumption rate (OCR) of
RPTCs was measured using the Seahorse Bioscience XF-96 Extra-
cellular Flux Analyzer as previously described (Beeson et al., 2010).
Each 96-well assay plate was treated with vehicle control (dimethyl-
sulfoxide , 0.5%) or 1-nM, 10-nM, or 100-nM concentrations of the
experimental compounds. Basal OCR was measured before injection
of carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP)
(0.5 mM), which allows for the measurement of uncoupled OCR
(FCCP-OCR), a marker of MB (Beeson et al., 2010).

5-HT Receptor Gene Expression. Total mRNAs were extracted
from RPTCs using TRIzol RNA extract reagent (Thermo Fisher
Scientific, Waltham, MA). For quantitative reverse-transcription
(RT) polymerase chain reaction (PCR) analysis, cDNA was synthe-
sized using the iScript Advanced cDNA Synthesis Kit (Bio-Rad
Laboratories, Hercules, CA) with 4 mg RNA. PCR products were
amplified from 5 ml cDNA template using SsoAdvanced Universal
SYBR Green Supermix reagent (Bio-Rad Laboratories) and 400-nM
concentrations of each primer (Integrated DNA Technologies, Inc.,

ABBREVIATIONS: CP-809,101, 2-[(3-chlorophenyl)methoxy]-6-(1-piperazinyl)pyrazine; DOI, 1-(4-iodo-2,5-dimethoxyphenyl)propan-2-amine;
FCCP, 4-(trifluoromethoxy)phenylhydrazone; KO, knockout; MB, mitochondrial biogenesis; NBOH-2C-CN, 4-[2-[[(2-hydroxyphenyl)methyl]amino]
ethyl]-2,5-dimethoxybenzonitrile; ND1, NADH dehydrogenase subunit 1; NDUFB8, NADH dehydrogenase (ubiquinone) b subcomplex 8; OCR,
oxygen consumption rate; PCR, polymerase chain reaction; PGC-1a, peroxisome proliferator–activated receptor g coactivator-1a; PNGase,
N-glycosidase F; qPCR, quantitative polymerase chain reaction; RPTC, renal proximal tubule cell; RT, reverse transcription; SB-242,084,
6-chloro-2,3-dihydro-5-methyl-N-[6-[(2-methyl-3-pyridinyl)oxy]-3-pyridinyl]-1H-indole-1-carboxyamide dihydrochloride; siRNA, small inter-
fering RNA; WT, wild type.
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Coralville, IA). Primer sequences for 5-HT2A, 5-HT2B, and 5-HT2C

were previously described (Rasbach et al., 2010).
5-HT2C Receptor Protein Expression. 5-HT receptor proteins

were isolated from RPTCs as previously described (Morabito et al.,
2010). A 30-mg sample of the resulting protein was then treated with
either N-glycosidase F (PNGase) (New England BioLabs, Ipswich,
MA) according to the manufacturer’s instructions or temperature-
matched control conditions for 2 hours, then loaded onto an SDS-
PAGE gel. After electrophoretic transfer to nitrocellulose, 5-HT2C

protein levels were determined by immunoblot analysis using an anti-
5HT2C receptor monoclonal antibody [SR-2C (D-12), 1:250; Santa Cruz
Biotechnology, Dallas, TX], followed by a horseradish peroxidase–labeled
anti-mouse secondary antibody [1:20,000; Santa Cruz Biotechnology].
The secondary antibody was detected with SuperSignal West Pico
Chemiluminescent Substrate (Thermo Fisher Scientific).

5-HT2A Receptor Protein Expression. RPTCs were suspended
in 150 ml protein lysis buffer (1% Triton X-100, 150 mM NaCl, and
10 mM Tris-HCl, pH 7.4; 1 mM EDTA; 1 mM EGTA; 2 mM sodium
orthovanadate; 0.2mMphenylmethylsulfonyl fluoride; 1mMHEPES,
pH 7.6; 1 mg/ml leupeptin; and 1 mg/ml aprotinin) and sonicated. The
homogenate was stored on ice for 10 minutes and then centrifuged
at 10,000 � g for 10 minutes at 4°C. The supernatant was collected,
and protein was determined using a bicinchoninic acid kit (Sigma-
Aldrich) with bovine serum albumin as the standard. Proteins
(50–75 mg) were separated on 4%–20% gradient SDS-polyacrylamide
gels and electrophoretically transferred to nitrocellulose membranes.
5-HT2A protein levels were determined by immunoblot analysis using
an anti-5-HT2A receptor monoclonal antibody (1:500; ImmunoStar
Inc., Hudson, WI), then with horseradish peroxidase–labeled anti-
rabbit secondary antibody (1:2000; Abcam, Cambridge, MA). The
secondary antibody was detected as described above.

In Vivo Mouse Studies. Male C57/Bl6 mice (aged 6–8 weeks)
were purchased from the National Cancer Institute (Bethesda,
MD). Mice were individually housed in a temperature-controlled
room under a 12-hour light/dark cycle and were randomly assigned
to either a vehicle control group or one of two treatment groups.
Mice were administered a single intraperitoneal dose of either
diluent [40% (2-hydroxypropyl)-b-cyclodextrin in 0.9% saline], CP-
809,101 [1 mg/kg], or SB-242,084 [1 mg/kg]. Doses of CP-809,101
and SB-242,084 were chosen based on previously published studies
(Kennett et al., 1997; Siuciak et al., 2007; Strong et al., 2009). At
24 hours after treatment, mice were euthanized by CO2 asphyxiation
followed by cervical dislocation. Kidneyswere isolated and snap frozen
for quantitative polymerase chain reaction (qPCR) analysis.

Generation of 5-HT2C Transgenic Mice. 5-HT2C transgenic
mice on a 129SvEv/Tac background were bred as described previously
(Xu et al., 2008). Briefly, 5-HT2C is an X-linked gene; therefore, female
mice heterozygotic for the transgene were bred with wild-type (WT)
malemice, generatingWT and heterozygote female mice, andWT and
5-HT2C null male offspring. Tail clips were taken and lysed overnight
for PCR genotyping identification of the animals.Mice wereweaned at
3 to 4 weeks and single-sex group housed under standard conditions
until adulthood.

5-HT2C Transgenic Mouse Experiments. Animals were housed
on a 12-hour light/dark cycle with food and water available ad
libitum. At age 6–9 weeks, 5-HT2C WT and knockout (KO) mice were
randomly assigned to vehicle control, CP-809,101 (1 mg/kg), or
SB-242,084 (1 mg/kg) treatment groups and treated as described
above. At 24 hours after a single injection of either diluent or drug,
mice were euthanized by cervical dislocation, and kidneys were
isolated and snap frozen for qPCR analysis.

5-HT2C and 5-HT2A Knockdown Experiments in RPTCs.
Rabbit mRNA sequences for 5-HT2A and 5-HT2C receptors were
obtained from Ensembl (Ensembl Project, Hinxton, England). The
BLOCK-iT RNAi Designer (Thermo Fisher Scientific) was used
to design small interfering RNA (siRNA) to these sequences. Two
days postconfluence, RPTCs were treated with either 200 nM
scramble siRNA (siGenome nontargeting siRNA 3; Dharmacon RNAi

Technologies, Lafayette, CO), 100 nM of both 5-HT2A siRNAs 1 and 2
(siRNA 1: 59-C AAG TCG CTC CAG AAA GAA GCT ACT-39; siRNA 2:
59-GAG AAC AAG AAA CCG TTG CAG TTA A-39) or 100 nM of both
5-HT2C siRNAs 1 and 2 (siRNA1: 59-GAGATGAAGACAAAGTGTTC
GTG AA-39; siRNA 2: 59-CCA GCA CTG TCA ATC GTG GTA ATA
AT-39). To optimize gene silencing prior to measuring a pharmaco-
logical response, RPTCs were treated with the experimental drugs
72 hours after initial siRNA exposure. After 24 hours of exposure to the
experimental drugs, the cells were harvested for RT-PCR analysis.

Real-Time RT-PCR. Total RNA was extracted from RPTCs or
renal cortex samples using TRIzol reagent (Thermo Fisher Scientific)
according to the manufacturer’s protocol. cDNA was synthesized
via RT using the RevertAid First Strand cDNA kit (Thermo Fisher
Scientific) with 1 to 2 mg RNA. PCR products were amplified from
5 ml cDNA template using 2� Maxima SYBR green qPCR master
mix (Thermo Fisher Scientific) and 400-nM concentrations of each
primer (Integrated DNA Technologies, Inc.). Primer sequences for
PGC-1a, NADH dehydrogenase subunit 1 (ND1), NADH dehydroge-
nase (ubiquinone) b subcomplex 8 (NDUFB8), tubulin, and b-actin
were described previously (Smith et al., 2015). All measurements
within a species used the same housekeeping gene (e.g., tubulin for
rabbit, actin for mouse), and individual PCR runs were considered
invalid if the average threshold cycle value for the housekeeping
gene varied more than 0.5 cycles between treatment groups.

Statistical Analyses. Data are presented as means 6 S.E.M.
Single comparisons were performed using a t test, whereas data found
to not have a normal distribution were subjected to a Mann–Whitney
U test. Multiple comparisons for normal data were performed using
one-way analysis of variance with an appropriate post hoc test to
compare multiple means. Kruskal–Wallis one-way analysis of vari-
ance was used to perform multiple comparisons for non-normal data,
and a Holm–Sidak’s post test was used to compare multiple means.
Single and multiple comparison data were considered statistically
different at P# 0.05. RPTCs isolated from a single rabbit represented
an individual experiment (n 5 1) and were repeated until n $ 4 was
obtained. Rodent studies were repeated until n $ 3 was obtained.

Results
The 5-HT2C Receptor Is Expressed in the Kidney and

in RPTCs. 5-HT2A, 5-HT2B, and 5-HT2C receptor mRNAs
were identified in RPTCs (Fig. 1A). Relative expression of
5-HT2A and 5-HT2C mRNA was similar and was approxi-
mately 10-fold greater than 5-HT2B. The most commonly
reported molecular mass of the 5-HT2c receptor is 48 kDa;
this molecular mass corresponds to the receptor after it has
undergone oneN-glycosylation (Abramowski and Staufenbiel,
1995). In addition, it has been reported that the receptor
is also expressed as a 60-kDa protein N-glycosylated at two
sites and as a 38-kDa protein with no N-glycosylations
(Abramowski and Staufenbiel, 1995). In the mouse frontal
cortex, the 48-kDa receptor was the most prominent form of
the 5-HT2c receptor; the 38-kDa form was also detected, but
there was no expression of the 60-kDa form (Fig. 1B). Con-
versely, the most prominent isoform detected in the mouse
kidney was the 38-kDa nonglycosylated protein, with lower
levels of the 60-kDa and 48-kDa glycosylated proteins (Fig. 1B).
In RPTCs, all three isoforms of the receptor were identified,

with the 60-kDa receptor being most prominent. Previous
investigations into the glycosylation state of the 5-HT2C recep-
tor examined lysates treated with PNGase F, an enzyme that
cleaves an N-glycosyl group from an asparagine residue,
and described the loss of the 60-kDa band with correspond-
ing increases observed in the 48-kDa and 38-kDa bands
(Abramowski and Staufenbiel, 1995). Accordingly, in our study,
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2-hour PNGase F treatment of our enriched protein decreased
the quantity of the 60-kDa receptor and increased the quantity
of the 38-kDa receptor (Fig. 1C). In addition, a bandwas detected
at 70 kDa after PNGase F treatment, which corresponds to a
homodimer formed by two nonglycosylated 5-HT2C receptor
proteins as previously described (Herrick-Davis et al., 2015).
5-HT2C Receptor Agonists and Antagonists Increase

FCCP-Uncoupled Respiration and PGC-1a mRNA Ex-
pression in RPTCs. RPTCs were plated in XF-96 plates
and grown under improved culture conditions that maintain
polarity, differentiated function, and respiration rates similar
to in vivo RPTCs (Nowak and Schnellmann, 1995, 1996; Wills
et al., 2012). RPTCs were treated for 24 hours with either
vehicle control (0.5% dimethylsulfoxide), CP-809,101 (selective
5-HT2C agonist), or SB-242,084 (selective 5-HT2C antagonist).
FCCP-OCR is a stress test to measure maximal respiratory
capacity and mitochondrial function and is a marker of MB.
CP-809,101 and SB-242,084 increased FCCP-OCR relative to
vehicle controls at concentrations ranging from 1 to 100 nM
(Fig. 2, A and B). It should be noted that the pKi values for
CP-809,101 and SB-242,084 for the 5-HT2C receptor are 0.1 nM
and 10 nM, respectively (Table 1). CP-809101 is 1,000-foldmore
selective at the 5-HT2C receptor compared with 5-HT2A and
5-HT2B receptors (Table 1) (Siuciak et al., 2007). Similarly,
SB-242,084 is 10-100-foldmore selective at the 5-HT2C receptor
compared with 5-HT2A and 5-HT2B receptors, respectively
(Table 1) (Kennett et al., 1997).
To demonstrate that these increased FCCP-OCR rates

resulted from changes in mitochondrial homeostasis, PGC-
1a mRNA was measured using RT-qPCR. PGC-1a mRNA
increased at 10 and 100 nM CP-809,101 and at 10 and 100 nM
SB-242,084 (Fig. 2, C and D).
5-HT2C Receptor Agonists and Antagonists Increase

Mitochondrial Gene Expression in Mouse Renal Cor-
tex. Mice treated with 1 mg/kg CP-809,101 for 24 hours
exhibited increased PGC-1amRNA (1.6-fold), whereas mRNA

expression of the mitochondrial-encoded gene ND1 and
nuclear-encoded gene NDUFB8 increased 1.9-fold (Fig. 3).
Mice treated with 1 mg/kg SB-242,084 for 24 hours revealed a
1.9-fold increase in renal cortical PGC-1amRNA, with concom-
itant 1.4- and 1.9-fold increases in ND1 and NDUFB8 mRNA,
respectively (Fig. 3). Despite these changes in mRNA levels, no
changes inmtDNA copy number were detected between vehicle
and either 1 mg/kg CP-809,101 or 1 mg/kg SB-242,084 at this
time point (Fig. 3).
5-HT2C Receptor Agonists and Antagonists Increase

Mitochondrial Gene Expression in Mice Lacking the
5-HT2C Receptor. At baseline, mice lacking the 5-HT2C

receptor had 20% less PGC-1a mRNA compared with WT
control mice, but there was no difference in either ND1 or
NDUFB8 mRNA between the two groups (Fig. 4). Treat-
ment of WT mice with CP-809,101 did not increase PGC-
1a, ND1, or NDUFB8 mRNA over vehicle (Fig. 4, A–C),
whereas treatment of these mice with SB-242,084 in-
creased ND1 mRNA 1.5-fold but did not increase PGC-1a
or NDUFB8 mRNA over vehicle treatment (Fig. 4, D–F).
Notably, these results in the WT 129/sv mice are different
from those observed in the WT C57bl/6 mice used in the
previously described naïve mouse experiments. However,
treatment of 5-HT2C receptor KO mice with CP-809,101
induced a 1.5- and 1.4-fold increase in ND1 and NDUFB8
mRNA, respectively, although PGC-1a mRNA expression
remained unchanged (Fig. 4, A–C). Treatment with SB-
242,084 increased PGC-1a mRNA 1.5-fold over vehicle-
treated 5-HT2C KO mice (no change over vehicle-treated
WTmice), with 1.5-fold changes in both ND1 and NDUFB8
mRNA (Fig. 4, D–F). These results provide strong evidence
that CP-809,101 and SB-242,084 induce mitochondrial
genes but not through the 5-HT2C receptor.
The 5-HT2A Receptor Is Expressed in the Kidney and

in RPTCs. Because the above studies indicated that
the 5-HT2C receptor is not responsible for the increased

Fig. 1. 5-HT2 receptors are expressed in renal
tissue. 5-HT2A, 5-HT2B, and 5-HT2C receptor
mRNA expression was measured in RPTCs using
RT-qPCR. (A) Tubulin was used as a control gene,
and 5-HT2B and 5-HT2C expression was normal-
ized to 5-HT2A. (B) 5-HT2C receptor protein expres-
sion was analyzed by immunoblot in the mouse
frontal cortex and mouse renal cortex. (C) 5-HT2C
receptor protein expression was analyzed by immu-
noblot in rabbit RPTCs in the presence and absence
of PNGase. The expected bands are 60kDa (receptor
with two N-glycosylations), 48 kDa (receptor with
one N-glycosylation), 38 kDa (nonglycosylated re-
ceptor), and 70 kDa (nonglycosylated receptor
dimer). FC, frontal cortex; Ms, mouse; RC, renal
cortex.
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mitochondrial gene expression, we hypothesized that the
observed effects of CP-809,101 andSB-242,084 inRPTCs and in
naïve mice were mediated by the 5-HT2A receptor. Although
protein expression of this receptor has been reported in the
mesangial cells of the kidney, its expression has not previously
been demonstrated in the tubular epithelium (Garnovskaya
et al., 1995). Immunoblot analysis demonstrated that the
5-HT2A receptor is expressed in the mouse frontal cortex,
mouse renal cortex, and primary RPTCs (Fig. 5).
A 5-HT2A Receptor Antagonist Blocks CP-809,101–

and SB-242,084–Induced FCCP-Uncoupled Respiration
in RPTCs. RPTCs treated with 10 nM CP-809,101 or SB-
242,084 for 24 hours had a 1.15-fold increase in FCCP-
uncoupled OCR over vehicle-treated RPTC (Figs. 2 and 6).
When RPTCs were pretreated with 1 nM eplivanserin, a
5-HT2A receptor antagonist, neither CP-809,101 nor SB-242,084
increased FCCP-uncoupled respiration (Fig. 6, B and C). It
should be noted that eplivanersin alone had no effect on
FCCP-uncoupled OCR at any concentration (Fig. 6A). These
results provide evidence that CP-809,101 and SB-242,084

act through 5-HT2A receptors with respect to mitochondrial
changes.
A 5-HT2A Receptor Agonist Increases FCCP-

Uncoupled Respiration in RPTCs. RPTCs treated with
1, 10, and 100 nM NBOH-2C-CN had increased FCCP-
uncoupled OCR over vehicle-treated RPTCs, whereas treatment
with 0.1 nM NBOH-2C-CN had no effect on FCCP-uncoupled
OCR (Fig. 6D). These results further suggest that agonism of
the 5-HT2A receptor mediates renal MB.
5-HT2C Receptor Agonists and Antagonists Increase

PGC-1a mRNA Expression in RPTCs Treated with
5-HT2C siRNA But Not in RPTCs Treated with 5-HT2A

siRNA. The next set of experiments was designed to further
confirm thatCP-809,101 and SB-242,084 act through the 5-HT2A

receptor. In RPTCs pretreated for 72 hours with 200 nM
scrambled siRNA, treatment with 10 nM CP-809,101 in-
creased PGC-1a mRNA 1.5-fold. RPTCs pretreated with
siRNA directed toward 5-HT2C had a 1.5-fold increase in
PGC-1a mRNA 24 hours after treatment with 10 nM CP-
809,101, a response that was similar to that observed with
parallel treatment of matched scrambled siRNA- or vehicle-
treated RPTCs with 10 nM CP-809,101 (Fig. 7A). By contrast,
RPTCs pretreated with 100 nM concentrations of two pooled
siRNAs directed toward 5-HT2A mRNA did not result in an
increase in PGC-1a mRNA 24 hours after treatment with
10 nM CP-809,101, compared with matched scrambled siRNA-
and vehicle-treated RPTCs (Fig. 7A). Similar effects were
observed in RPTCs treated with 10 nM SB-242,084 after
72-hour pretreatment with either scrambled siRNA or siRNA
directed toward 5-HT2C or 5-HT2A (Fig. 7B). These results
confirm that CP-809,101 and SB-242,084 act through the
5-HT2A receptor to induce transcription of mitochondrial
genes.

Fig. 2. A 5-HT2C agonist and antagonist
induce FCCP-uncoupled respiration in
RPTCs. FCCP-uncoupled respiration is a
screening assay for MB. RPTCs were
treated with either CP-809,101 (A and C)
or SB-242,084 (B and D) for 24 hours.
FCCP-uncoupled mitochondrial respira-
tion was measured using the Seahorse
XF-96 instrument. RPTC PGC-1a mRNA
expression was determined by RT-qPCR
using tubulin as a control. Data were
analyzed using Kruskal–Wallis one-way
analysis of variance with Dunn’s multiple
comparison test. Values are reported as
means6 S.E.M. (n$ 3). *P, 0.05 versus
vehicle control.

TABLE 1
Receptor binding data for 5-HT2 receptor ligands

Drug Name 5-HT2A 5-HT2B 5-HT2C

DOI 7.4–9.2 7.6 – 7.7 7.2–8.6
CP-809,101 6.8 7.2 10.0
SB-242,084 6.1–6.8 6.8–7.0 8.2–9.0
Eplivanserin 9.4 — 6.13
NBOH-2C-CN 8.9 — 6.9

pKi values for DOI and SB-242,084 are reported by the IUPHAR Database. pEC50
values for CP-809,101 are reported by Siuciak et al. (2007). Whole-cell pKi values for
eplivanserin are reported by Vanover and Davis (2010). Whole-cell pKi values for
NBOH-2C-CN are reported by Hansen et al. (2014).
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Discussion
Disruption of mitochondrial homeostasis is a pathologic pro-

cess common to a multitude of diseases, and early intervention

to correct mitochondrial dysregulation is an attractive thera-
peutic strategy for a variety of acute and chronic injuries.
Therefore, pharmacological inducers of MB represent a novel
class of drugs to preserve or restore mitochondrial and cellular
function.
An early examination of the effects of a 5-HT2 pan-agonist,

DOI, revealed that it induced MB and promoted recovery of
cellular respiration in RPTCs after acute oxidant injury
(Rasbach et al., 2010). In this study, we sought to further
define the role of the 5-HT2 receptors in renal mitochondrial
gene expression and oxidative metabolism. We first examined
gene expression of the 5-HT2A, 5-HT2B, and 5-HT2C receptors in
RPTCs and demonstrated that 5-HT2A and 5-HT2C had similar
quantities of gene product that were approximately 10-fold
greater than 5-HT2B. We then determined that the 5-HT2C

receptor protein was expressed in both the mouse renal
cortex and in primary cultures of rabbit RPTCs. A protein
isolation protocol previously shown to enrich the quantity
of 5-HT2 receptors and immunoblot analysis identified a
60-kDa 5-HT2C protein in both RPTCs and mouse renal
cortex. This 60-kDa band was determined to be a 5-HT2C

receptor with two N-glycosylations, verified in RPTCs by
treatment with PNGase, which decreased levels of the
60-kDa band and increased the 38-kDa band that con-
forms with the reported nonglycosylated 5-HT2C receptor
(Abramowski and Staufenbiel, 1995). The presence of the
60-kDa N-glycosylated band, previously identified in vivo in
the hippocampus and choroid plexus, is significant because it
indicates the presence of the mature 5-HT2C receptor in both

Fig. 4. The role of 5-HT2C loss on agonist- and antagonist-induced renal mitochondrial gene expression. 5-HT2C receptor WT and KO 129Sv mice were
treated with a single intraperitoneal 1-mg/kg dose of CP-809,101 or SB-242,084 and euthanized 24 hours postinjection. PGC-1a (A and D), ND1 (B and E),
andNDUFB8 (C andF)mRNA expression in renal cortexwas determined byRT-qPCRusing actin as a control gene. Fold expression of change in each group
is reported relative to theWT/vehicle group. Data were analyzed using Kruskal–Wallis one-way analysis of variance with Bonferroni’s multiple comparison
test. Values are reported as means 6 S.E.M. Bars with different superscript letters are significantly different from one another (n $ 5). *P , 0.05.

Fig. 3. A 5-HT2C agonist and antagonist induce mitochondrial gene
expression in naïve mouse kidney cortex. C57/Bl6 mice were treated with
a single intraperitoneal 1-mg/kg dose of CP-809,101, SB-242,084, or vehicle.
PGC-1a, ND1, and NDUFB8 mRNA expression in the renal cortex was
determined by RT-qPCR using actin as a control. mtDNA copy number was
determined by qPCR, using ND1 for the mtDNA gene and actin for the
nuclear control gene. Values are reported as means6 S.E.M. The t test was
used to determine significance (n $ 3). *P , 0.05 versus vehicle group.
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the mouse renal cortex and in rabbit RPTCs. The presence of
the mature 5-HT2C receptor in the kidney, previously
thought to be expressed almost exclusively in the central ner-
vous system, suggests a novel role for this receptor in renal
cellular homeostasis.
CP-809,101 is reported to be a potent 5-HT2C agonist, with

a pEC50 of 9.96 for 5-HT2C and 1000-fold selectivity over the
5-HT2A and 5-HT2B receptors (Table 1) (Siuciak et al., 2007).
SB-242,084 is reported to be a potent 5-HT2C antagonist,
with a pKi of 8.2–9.0 for 5-HT2C and 100-fold selectivity over
the 5-HT2A and 5-HT2B receptors (Kennett et al., 1997). We
expected that CP-809,101 but not SB-242,084 would induce
MB in RPTCs. However, both of these compounds increased
FCCP-OCR at nanomolar concentrations and increased
PGC-1amRNA at 10-nM concentrations in vitro, which indi-
cates that these compounds induce MB at concentrations
previously reported to be specific for the 5-HT2C receptor.
CP-809,101 and SB-242,084 were administered to naïve

C57Bl/6 mice at 1 mg/kg. This dose is consistent with those
previously administered to animals, CP-809,101 (0.3–56mg/kg)
and SB-242,084 (0.01–10 mg/kg) (Kennett et al., 1997;
Siuciak et al., 2007; Strong et al., 2009). Both CP-809,101 and

SB-242,084 increased PGC-1a mRNA and mRNA for the
mitochondrial DNA-encoded gene ND1 and the nuclear
DNA-encoded gene NDUFB8. Thus, the in vitro and in vivo
findings are consistent.
We next sought to verify that these two compounds were

inducing PGC-1a, ND1, and NDUFB8 mRNA through the
5-HT2C receptor. Our first observation was that 5-HT2C KO
mice had a 20% decrease in PGC-1a mRNA compared with
WT mice, indicating a role for the 5-HT2C receptor in renal
physiologic mitochondrial homeostasis. It should be noted
that mitochondrial-encoded ND1 and nuclear-encoded
NDUFB8 did not decrease in 5-HT2C KO mice, providing evi-
dence that a compensatory pathway is present under physiologic
conditions to maintain mitochondrial homeostasis.
Treatment of 5-HT2C KO mice with CP-809,101 led to

increases in both ND1 and NDUFB8 mRNA and treatment
of 5-HT2C KO mice with SB-242,084 increased PGC-1a, ND1,
and NDUFB8 mRNA expression. In addition, treatment of
RPTCs with either CP-809,101 or SB-242,084 after pretreat-
ment with siRNA directed toward the 5-HT2C receptor still
increased PGC-1a mRNA to the same magnitude as that
observed after treatment of these compounds in negative
control siRNA-treated cells. In summary, these results in-
dicate that these compounds do not induce MB-associated
mRNA expression through the 5-HT2C receptor.
We next hypothesized that these compounds were not

specific for the 5-HT2C receptor in primary renal cells at the
doses used in the previous experiments and that these
compounds instead increase cellular FCCP-uncoupled OCR
and renal PGC-1a, ND1, and NDUFB8 mRNA expression
through the 5-HT2A receptor, previously reported to be
expressed in mouse renal mesangial cells (Garnovskaya
et al., 1995). The 5-HT2A receptor was expressed in both
the mouse renal cortex and primary rabbit RPTCs using

Fig. 5. The 5-HT2A receptor is expressed in renal tissue. 5-HT2A receptor
protein expression was analyzed by immunoblot in the mouse frontal
cortex, mouse renal cortex, and rabbit RPTCs. The expected molecular
mass is 53 kDa. FC, frontal cortex; Ms, mouse; RC, renal cortex.

Fig. 6. A 5-HT2A antagonist blocks
CP-809,101– and SB-242,084–induced
FCCP-uncoupled respiration in RPTCs
and a 5-HT2A agonist increases FCCP-
uncoupled respiration in RPTCs. (A)
FCCP-uncoupled mitochondrial respi-
ration was measured in RPTCs treated
with the 5-HT2A receptor antagonist
eplivanserin at 1, 10, and 100 nM for
24 hours. (B and C) RPTCs were then
pretreated with eplivanserin (1 nM)
1 hour before exposure to 10 nM CP-
809,101 (B) or 10 nM SB-242,084 (C) for
24 hours. (D) RPTCs were also treated
with 5-HT2A receptor agonist NBOH-
2C-CN at 0.1, 1, 10, and 100 nM for
24 hours. FCCP-OCRwasmeasured using
the Seahorse XF-96 instrument. Data
were analyzed using Kruskal–Wallis one-
way analysis of variance with Dunn’s
multiple comparison test. Values are re-
ported as means 6 S.E.M. (n $ 4). *P ,
0.05 versus vehicle treatment group.
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immunoblot analysis, and the 5-HT2A receptor antagonist
eplivanserin blocked the increases in FCCP-uncoupled OCR
previously observed in RPTCs after 24-hour treatment with
either CP-809,101 or SB-242,084. These results were con-
firmed, in that no increases in PGC-1amRNA were detected
in RPTCs treated with either of these compounds after pre-
treatment with 5-HT2A receptor siRNA. Finally, the 5-HT2A

receptor agonist NBOH-2C-CN increased FCCP-uncoupled
OCR at concentrations as low as 1 nM, further supporting our
conclusion that the 5-HT2A receptor mediates MB in RPTCs.
Although the concentrations of CP-809,101 and SB-

242,084 used in the initial experiments are reported to be
specific for the 5-HT2C receptor, our results strongly in-
dicate that these compounds most likely increase multiple
markers of MB in both rabbit RPTCs and in the mouse renal
cortex via signaling through the 5-HT2A receptor. It is
notable that these compounds increase these markers of
MB at concentrations below their reported pKi or pEC50

values for the 5-HT2A receptor. It has been previously
demonstrated that 5-HT2 receptor ligands can have differ-
ent affinities for the same receptor in different tissues, so it
is possible that the pKi values for these compounds may
differ in renal tissue (Killam et al., 1990).
Another explanation for these paradoxical results is that the

presumed action (i.e., agonist/antagonist), potency, and/or
downstream signaling of these compounds on the 5-HT2A

receptor was determined in neuronal cells or cell lines over-
expressing the receptor. By contrast, we used primary cultures
of renal epithelial cells that have differentiated functions and
physiologic receptor expression to probe a unique mitochon-
drial target. Thus, it is possible that agonism of the 5-HT2A

receptor in the kidney by either CP-809,101 or SB-242,084 at
the doses used in our studies can result in release of calcium
and subsequent increase in cGMP, previously demonstrated to
be important for pharmacological induction of renal MB
(Whitaker et al., 2013). This hypothesis is supported by evi-
dence that SB-242,084 can act as an agonist for the calcium-
mediated signalingpathway of the 5-HT2C receptor (Roth, 2006;
Neve, 2009). Future studies will focus on determining the
relative specificity of these compounds for the three 5-HT2

receptors in RPTCs and elucidating the signaling pathways by
which these drugs increase gene expression of several MB
markers.

This study is limited in that we did not have a consistent
response to either CP-809,101 or SB-242,084 between two
different mouse strains: C57Bl/6 and 129Sv. Although this
inconsistency between strains is unfortunate in that it limited
our ability to use available KO animals to further investigate
our drugs of interest, it is not unexpected. Furthermore,
previous work in another laboratory demonstrated that the
C56Bl/6 and 129Sv strains had different behavioral out-
comes when exposed to the 5-HT2A/5-HT2C agonist (6)-2,5-
dimethoxy-4-methylamphetamine, indicating that these two
strains differ in serotonergic drug response (Dulawa and
Geyer, 2000).
In summary, our findings indicate thatmodulation of 5-HT2A

signaling in the kidney may promote MB. Furthermore, these
studies support 5-HT2A receptor agonists as viable candidates
for the treatment of kidney disease.
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