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Abstract
Aim: Mitochondria play key roles in neuronal activity, particularly in modulat-
ing agouti-related protein (AgRP) and proopiomelanocortin (POMC) neurons in 
the arcuate nucleus of the hypothalamus (ARC), which regulates food intake. 
FAM163A, a newly identified protein, is suggested to be part of the mitochon-
drial proteome, though its functions remain largely unknown. This study aimed 
to investigate the effects of Fam163a knockdown and mitochondrial dysfunc-
tion on food intake, AgRP neuron activity, and mitochondrial function in the 
hypothalamus.
Methods: Male C57BL/6 and AgRP-Cre mice received intracranial injections 
of either Fam163a shRNA, rotenone, or appropriate controls. Behavioral as-
sessments included food intake, locomotor activity, and anxiety-like behaviors. 
qRT-PCR was used to quantify the expression of the genes related to food intake, 
mitochondrial biogenesis, dynamics, and oxidative stress. Blood glucose, serum 
insulin, and leptin levels were measured. Electrophysiological patch-clamp re-
cordings were used to assess the AgRP neuronal activity.
Results: Fam163a knockdown in the ARC increased the cumulative food intake 
in short term (first 7 days) without altering the 25-day food intake and signifi-
cantly increased the Pomc mRNA expression. Fam163a silencing significantly 
reduced leptin levels. Both Fam163a knockdown and rotenone significantly 
reduced the firing frequency of AgRP neurons. Neither Fam163a silencing nor 
rotenone altered locomotor or anxiety-like behaviors. Fam163a knockdown and 
rotenone differentially altered the expression of mitochondrial biogenesis-, mi-
tophagy-, fusion-, and oxidative stress-related genes.
Conclusion: Hypothalamic FAM163A may play a role in modulating AgRP neu-
ronal activity through regulating mitochondrial biogenesis, dynamics, and redox 
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1   |   INTRODUCTION

At the organismal level, energy homeostasis is regu-
lated by the central nervous system (CNS) that adjusts 
energy intake and expenditure in response to internal 
metabolic changes.1 The hypothalamus plays a key role 
in regulating energy homeostasis by integrating various 
neural and peripheral signals through specific neuronal 
populations located within multiple nuclei.2,3 Among 
the neurocircuits, two distinct neuronal populations in 
the arcuate nucleus of the hypothalamus (ARC), orex-
igenic neurons co-express neuropeptide Y (NPY), and 
agouti-related peptide (AgRP) and anorexigenic neu-
rons that express proopiomelanocortin (POMC), op-
positely regulate food intake and energy expenditure.4 
Orexigenic signals, such as ghrelin, from peripheral tis-
sues activate the AgRP neurons leading to the release 
of NPY and AgRP, as well as gamma-aminobutyric acid 
(GABA) and the induction of food intake.5–9 In addition, 
anorexigenic signals, including insulin, glucagon-like 
peptide 1 (GLP-1), and leptin, inhibit the AgRP and ac-
tivate the POMC neurons resulting in the reduction of 
food intake.10–15

Mitochondria are essential and complex organelles 
that enable adequate energy production through oxida-
tive phosphorylation to maintain the biological reactions 
in eukaryotic cells. They are highly plastic and dynamic 
organelles that respond to different stress conditions and 
metabolic demands through the process of mitochon-
drial dynamics that includes fusion, fission, mitophagy, 
and transport processes within the cells.16 Mitochondrial 
biogenesis, a related but distinct process from the mito-
chondrial dynamics, also contributes to the energy needs 
of the cell.16 Due to the high energy demand for synap-
tic functions and electrical excitability, mitochondria 
are pivotal for neuronal health, development, and func-
tion.17–19 Previous studies indicated that hypothalamic 
mitochondria play a role in the modulation of energy bal-
ance through mitochondrial dynamics and modulate the 
activities of AgRP and POMC neurons.20,21 In orexigenic 
AgRP neurons, mitochondrial fission is observed under 
negative energy balance conditions, while in positive 
energy balance conditions such as a high-fat diet, mito-
chondrial density, and area are increased, indicating mito-
chondrial fusion.20,22 However, under satiety conditions, 

mitochondrial fission is observed in POMC neurons and 
that was suggested to be associated with increased hypo-
thalamic oxidative stress.23

Rotenone, a potent mitochondrial complex I inhibi-
tor, disrupts the mitochondria electron transport chain 
and increases the reactive oxygen species (ROS) produc-
tion.24 Previous literature indicated that appetite and sa-
tiety are affected by the reactive oxygen species in the 
ARC.25,26

FAM163A is a relatively newly discovered protein,27,28 
and its function and intracellular localization are not yet 
fully understood.27–34 It was reported to be predominantly 
expressed in the brain of the mouse with higher expres-
sion in the postnatal period compared to the embryonic 
period.28 It was previously discovered in the SH-SY5Y neu-
roblastoma cell line as a secreted protein27 and reported 
to promote the proliferation of neuroblastoma cells.27,35 
Additionally, a previous proteomics study demonstrated 
that FAM163A is present in the mitochondrial proteome 
of SH-SY5Y cells,33 suggesting its possible roles in mito-
chondrial dynamics and function.

In the present study, we aimed to investigate the ef-
fects of hypothalamic Fam163a knockdown (KD) and 
rotenone-induced mitochondrial damage on food intake, 
neurobehavioral parameters, and hypothalamic mito-
chondrial dynamics and biogenesis in mice. We also inves-
tigated the effect of Fam163a KD and rotenone-induced 
mitochondrial damage on the electrophysiological activity 
of AgRP neurons.

2   |   RESULTS

2.1  |  Fam163a knockdown, 
but not rotenone administration, increases 
cumulative food intake in short-term

Previously, FAM163A was suggested to be expressed in 
the brain.28 Moreover, the Allen Brain Atlas and Bonthuis 
et al. reported the expression of Fam163a in the ARC of 
the mouse.36–38 In our study, we confirmed FAM163A ex-
pression in the hypothalamus using immunofluorescence 
staining and qPCR. Our results showed that FAM163A is 
ubiquitously expressed in the ARC in mice (Figure 1A–C).  
Intracranial shRNA injection of Fam163a-shRNA into 

state. These findings provide insights into the role of FAM163A and mitochon-
drial stress in the central regulation of metabolism.
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the ARC resulted in a ~50% reduction in both FAM163A 
protein (Figure  1A–G) and Fam163a mRNA levels 
(Figure 1H; p < 0.01).

Next, we investigated whether Fam16a knockdown 
or rotenone administration in the ARC influences body 
weight and food intake. Body weight and daily food in-
take of the animals were similar in Fam163a KD and 
rotenone-administered animals compared to their con-
trol groups (Neg. Ctr. and DMSO groups, respectively; 
Figure 1I,J,L,M). Similarly, the cumulative food intake of 
Fam163a KD and rotenone groups were similar to their 
respective control groups at the end of the 25-day period 
(Figure 1K,N). Interestingly, cumulative food intake was 
significantly higher in of Fam163a KD group compared 
with the Neg. Ctr. group during the first 7 days, while this 
difference disappeared thereafter (Figure 1K,O, p < 0.05). 
Nevertheless, cumulative food intake of the DMSO and 
rotenone groups was similar throughout the experimental 
period (Figure 1N,P).

As the AgRP and POMC neurons are the two key 
neuronal populations regulating food consumption,4 
we investigated the levels of Agrp and Pomc mRNA in 
the hypothalamus. Agrp levels were not altered by ei-
ther Fam163a knockdown or rotenone administration 
(Figure 1Q,R). However, Fam163a knockdown led to a sig-
nificant increase in Pomc levels (Figure 1S, p < 0.05), while 
rotenone administration tended to decrease the Pomc lev-
els in the hypothalamus (Figure 1T, p = 0.055).

2.2  |  Fam163a knockdown negatively 
regulates serum leptin levels

Since blood glucose, serum insulin, and leptin levels are 
regulated by the neurons located in the ARC,39–41 we in-
vestigated the effect of Fam163a silencing and mitochon-
drial stress on these parameters. Blood glucose and serum 
insulin levels were not altered by either Fam163a silencing 
(Figure  2A,B) or rotenone administration (Figure  2D,E). 
Serum leptin levels of the animals in the Fam163a KD group, 
however, were found to be significantly lower compared to 
the Neg. Ctr. group (Figure 2C), while serum leptin levels 
were not altered by rotenone administration (Figure 2F).

2.3  |  Fam163a knockdown and rotenone 
administration decrease the firing rate of 
ARCAgRP neurons

Next, we investigated the electrophysiological response 
of the ARCAgRP neurons upon Fam163a silencing or 
mitochondrial stress caused by rotenone. First, we 
validated that ARCAgRP neurons express FAM163A by 
immunofluorescence imaging (Figure  3A–D). To re-
cord the neuronal activity, we ensured proper attach-
ment to the neurons expressing GFP (Figure  3E). In 
response to Fam163a knockdown, the firing frequency 
of AgRP neurons was significantly reduced (p < 0.05; 
Figure  3F,G). Similarly, rotenone administration led 
to a reduction in the firing frequency of AgRP neurons 
(p < 0.01; Figure 3H,I).

2.4  |  Neither Fam163a knockdown nor 
rotenone significantly alters locomotor 
activity and anxiety-like behavior

As the neurons located in the ARC are implicated in regu-
lating locomotor activity42–44 and stress responses,45,46 we 
investigated the behavioral effects of the Fam163a knock-
down and mitochondrial stress. Fam163a knockdown did 
not alter the total distance traveled and average velocity 
(Figure 4A,B), while it tended to increase the time spent in 
the center area in the OFT (p = 0.067; Figure 4C). On the 
other hand, rotenone administration tended to decrease 
the total distance traveled and average velocity (p = 0.066; 
Figure 4D,E), while significantly increasing the time spent 
in the center area (p < 0.05; Figure 4F).

In the EPM test, Fam163a knockdown did not alter the 
total distance traveled, average velocity, number of arm 
entries, and time spent in the arms (Figure 5A,C,E,G,I,K 
and Figure  S1). Although not being significantly al-
tered, total distance traveled (Figure  5B), average veloc-
ity (Figure 5D), time spent in open arms (Figure 5H and 
Figure S1) and number of closed arm entries (Figure 5J) 
tended to decrease, while the time spent in closed arms had 
a tendency to increase in the rotenone group (Figure 5L 
and Figure  S1). On the other hand, neither Fam163a 

F I G U R E  1   Fam163a knockdown, but not rotenone administration, increases cumulative food intake in short term. (A–H) Validation 
of shRNA-mediated knockdown of Fam163a in the ARC by (A–G) immunostaining against FAM163A (Scale bars: A and D, 50 μm and B, C, 
E, and F, 20 μm) and (H) qPCR. (I and L) Body weight measurements (n = 7 mice for all groups). (J, K, M and N) Daily and cumulative food 
intake measurements during the 25-day period (n = 7 mice for all groups). (O and P) Cumulative food intake measurements during the first 
9 days (n = 7 mice for all groups). (Q–T) qPCR analysis of hypothalamic Agrp and Pomc mRNA levels (n = 5 mice for all groups) (Statistical 
analysis: Student's unpaired t-test; *p < 0.05 and **p < 0.01; 3V, third ventricle).
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knockdown nor rotenone treatment alters the time spent 
in the center area (Figure 5M,N and Figure S1).

2.5  |  Fam163a knockdown and 
mitochondrial stress differentially regulate 
mitochondrial dynamics

A previous study reported that Fam163a was found in 
the mitochondrial proteome of the SH-SY5Y neuro-
blastoma cell line.33 Moreover, rotenone, a well-known 
inhibitor of mitochondrial complex I in the electron 
transport chain, causes mitochondrial dysfunction and 
neuronal cell death.47,48 Therefore, we investigated the 
effects of Fam163a knockdown and rotenone adminis-
tration on the mitochondrial biogenesis- and dynamics-
related, as well as oxidative stress-related genes in the 
hypothalamus.

PGC-1α, PGC-1β, NRF1, NRF2, TFAM, and ERRα are 
among the key mitochondrial biogenesis-related factors 
that are essential for proper neuronal functionality and 
health.49–51 Pgc-1a and Pgc-1b were not significantly altered 
by either Fam163a knockdown or rotenone treatment in 
the hypothalamus (Figure  6A). However, we observed a 
tendency to increase and decrease in the Pgc-1b mRNA ex-
pression in the Fam163a KD and rotenone groups, respec-
tively (p = 0.076 and p = 0.053, respectively; Figure  6A). 
Nrf1 mRNA levels were similar in the Fam163a KD and 

rotenone groups compared to the respective control groups 
(Figure 6A). However, while Nrf2 mRNA levels were not 
altered in the Fam163a KD group (p = 0.062, Figure 6A), 
rotenone administration significantly reduced Nrf2 
mRNA levels in the hypothalamus (p = 0.013; Figure 6A). 
Tfam mRNA levels were downregulated by both Fam163a 
silencing and rotenone treatment (p = 0.043 and p = 0.007, 
respectively; Figure  6A). Erra mRNA expression, how-
ever, did not change either by Fam163a silencing or rote-
none administration (Figure 6A).

Next, we investigated the levels of mitophagy-related 
genes in the hypothalamus of Fam163a KD and rotenone-
treated animals. Map1lc3a mRNA expression was sig-
nificantly reduced in the Fam163a KD group compared 
to the Neg. Ctr. (p = 0.014; Figure  6B), while rotenone 
did not alter the mRNA level of Map1lc3a (Figure  6B). 
While Pink1 mRNA levels were found to be similar in 
both the Fam163a KD and rotenone groups compared 
to their respective control groups (Figure  6B), Parkin 
was significantly upregulated in the Fam163a KD group 
(p = 0.034; Figure 6B) and remained unchanged after ro-
tenone treatment (Figure 6B). P62 expression was signifi-
cantly decreased in the Fam163a KD group (p = 0.011; 
Figure 6B) but it was similar in the rotenone and DMSO 
groups (Figure 6B). Optn mRNA levels were significantly 
higher in the Fam163a group compared to the Neg. Ctr. 
group (p = 0.016; Figure 6B) but not significantly altered 
by rotenone administration (Figure  6B). On the other 

F I G U R E  2   Fam163a knockdown negatively regulates serum leptin levels. (A and D) Blood glucose levels (n = 7 mice for all groups). 
(B and E) Serum insulin levels (n = 7 mice for all groups). (C and F) Serum leptin levels (n = 6 mice for all groups). (Statistical analysis: 
Student's unpaired t-test; *p = 0.018).
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hand, Ndp52 and Bnip3 mRNA levels were similar in the 
Neg. Ctr. and Fam163a KD groups, while rotenone treat-
ment significantly reduced their expression in the hypo-
thalamus compared to the DMSO group (p = 0.033 and 
p = 0.046, respectively; Figure  6B). Fundc1 mRNA levels 
were not altered either by Fam163a knockdown or rote-
none administration.

Mitochondrial fusion has been implicated in regulating 
the AgRP neuron activity,20 therefore, we also investigated 
the levels of the mitochondrial fusion genes in the hypo-
thalamus. Mfn1 and Mfn2 mRNA levels were not altered, 
whereas Opa1 mRNA levels were significantly reduced by 
Fam163a knockdown (p = 0.046; Figure 6C). Interestingly, 

Mfn1 and Opa1 mRNA levels were significantly upregu-
lated in the rotenone group (p = 0.035 and p = 0.025, re-
spectively; Figure 6C).

Elevated ROS levels were reported to regulate AgRP/
NPY and POMC activity.23,52,53 In our study, Fam163a 
knockdown led to a significant decrease in Ucp2 and 
Hif-1a levels (p = 0.006 and p = 0.031, respectively), while 
there was a significant increase in the Keap1 and Ho-1 lev-
els (p = 0.021 and p = 0.015, respectively; Figure 6D). On 
the other hand, while Ucp2, Ho-1, and Hif-1a levels were 
not significantly altered in the rotenone group compared 
to the DMSO group, Keap1 levels were significantly upreg-
ulated (p = 0.038; Figure 6D).

F I G U R E  3   Fam163a knockdown and rotenone reduce the firing rate of ARCAgRP neurons. (A and D) Representative immunostaining 
against FAM163A. White arrows depict the co-expression of GFP and FAM163A (Scale bars: [A and C] 50 μm and [B and D] 20 μm). (E) 
GFP expression in AgRP neurons containing brain slice of AgRP-Cre mouse. (Representative image depicting Cell-attached loose-seal 
recording from an AgRP neuron; recording pipette is highlighted with red-dashed lines, Scale bar: 15 μm). (F and H) Representative loose-
seal recording traces for each group. (G) Effect of Fam163a KD on firing rate of AgRP neurons (n = 3–4 mice for each group; Neg. Ctr. n = 70 
neurons, Fam163a KD n = 63 neurons) (I) Effect of rotenone on firing rate of AgRP neurons (n = 3–4 mice for each group; DMSO n = 46 
neurons, rotenoe n = 52 neurons) (Data are mean ± standard deviation. Statistical analysis: Mann–Whitney U test; *p = 0.017; **p = 0.0062).
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3   |   DISCUSSION

Hypothalamic mitochondrial function is critical in vari-
ous types of neurons that control energy homeostasis54 
and mitochondrial dysfunction occurring in hypotha-
lamic neurons can contribute to the development of 
various metabolic diseases such as obesity and type 2 dia-
betes.55 Mitochondrial proteome studies revealed that the 
majority of the proteins in the mitochondria are encoded 
by nuclear genes, translated in the cytoplasm, and im-
ported into mitochondria.56 The discovery that FAM163A, 
encoded by a nuclear gene, is expressed in the brain28 and 
included in the mitochondrial proteome33 led us to sug-
gest that it may play a role in mitochondrial function and 
health, thereby affecting organismal energy metabolism. 
Our results showed that Fam163a silencing increased 
cumulative food intake in the short term, reduced AgRP 
neuron activity, and altered the expression of genes regu-
lating mitochondrial dynamics. Additionally, mitochon-
drial dysfunction caused by rotenone led to a decrease in 
AgRP neuron firing frequency and changes in the expres-
sion of genes involved in mitochondrial dynamics and 
biogenesis without causing any differences in food intake.

Mitochondrial function and dynamics play a significant 
role in regulating the activity of AgRP and POMC neurons; 
thus, in the regulation of food intake.57 The dynamic feature 

of the mitochondria allows them to adapt to the energetic 
changes in the environment.20,21 Mitochondrial fusion in 
AgRP neurons and fission in POMC neurons are observed 
during positive energy balance to maintain sustained neu-
ronal activity and maximize energy uptake.20,57,58 In our 
study, we observed that hypothalamic silencing of Fam163a 
increased cumulative food intake in the short term but not 
in the long term, while rotenone treatment did not alter food 
intake at any period. Additionally, we identified changes in 
the expression of genes regulating mitochondrial biogen-
esis, fusion, mitophagy, and oxidative stress either after 
Fam163a silencing or rotenone administration. Previously, 
it was reported that mice lacking Mfn1 and Mfn2 exhibited 
increased AgRP neuron activity and food intake.20 In the 
deficiency of Mfn2 in POMC neurons, on the other hand, 
POMC neuronal excitability is reduced and ER stress is in-
creased.21 On the other hand, POMCMfn1−/− mice exhibited 
abnormalities in mitochondrial structure and decreased 
glucose sensitivity.59 In the present study, Fam163a silenc-
ing resulted in nearly significant downregulation of Mfn1 
expression, significant downregulation of Opa1 levels, and 
unaltered Mfn2 expression. OPA1 deficiency in POMC 
neurons was reported to alter cristae structure and impair 
lipolysis.60 Deletion of Mfn1 in mice leads to impaired mito-
chondrial fusion and results in embryonic lethality during 
development.61 Like Mfn1, Mfn2 also plays a role in fusion62 

F I G U R E  4   Fam163a knockdown and rotenone do not alter the locomotor activity in OFT. (A and D) Total distance traveled (n = 7 mice 
for all groups), (B and E) average velocity (n = 7 mice for all groups), and (C and F) total time spent in the center (n = 6 for Neg. Ctr. and 
n = 7 mice for other groups). (Data are mean ± standard deviation. Statistical analysis: (A, B and D–F) Student's unpaired t-test, (C) Mann–
Whitney U test. *p = 0.018).
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and is crucial for the connection between the ER and mito-
chondria, which is important for lipid exchange and mito-
chondrial calcium uptake between these two organelles.63,64 
The significantly decreased expression of Opa1 and re-
duced Mfn1 expression following Fam163a knockdown in 
the ARC suggests a state where mitochondrial fusion and 
function are compromised but not completely disrupted. 
Additionally, the transcription of Mfn2 is enhanced by the 
physical interaction of PGC-1α and PGC-1β with ERRα, 
which are key proteins in mitochondrial biogenesis.65,66 The 
absence of differences in the expression of Pgc-1α, Pgc-1β, 
and ERRα may explain the reason why Mfn2 expression was 
found to be similar in both groups. Moreover, previous stud-
ies reported impaired fusion in response to the rotenone 
treatment in vitro67,68 and in vivo.69 In contrast, a significant 
increase in Mfn1 and Opa1 expression was detected 25 days 
after rotenone exposure observed in our study. As mitochon-
drial fusion acts as a repair mechanism for the damaged to 
compensate for the diminished mitochondrial energy pro-
duction subsequent to the removal of damaged mitochon-
dria,70 the increased levels of fusion-related genes found in 
our study may be an attempt to repair the rotenone-induced 
mitochondrial damage.

In our study, Tfam levels were downregulated by Fam163a 
silencing. Mfn1 and Mfn2 maintain the expression of Tfam, 
the primary transcription factor responsible for regulating 
mtDNA copy number and mitochondrial mtRNA levels.71 
Studies have demonstrated that the simultaneous deletion 
of Mfn1 and Mfn2 in β-cells results in a significant reduc-
tion in Tfam expression, while the single deletion of both 
genes does not significantly alter it.71 Additionally, Tfam 
and Nrf2 expressions are reduced following rotenone expo-
sure. In a rotenone-induced Parkinson's disease (PD) model, 
significant reductions were observed in the protein levels of 
PGC-1α, NRF-1, and TFAM.72 Another study revealed re-
duced NRF2 protein levels in an in vivo PD model.73 NRF2 
is not only a factor regulating mitochondrial biogenesis but 
also an important factor in the regulation of the oxidative 
stress response.74 It also regulates the expression of various 

F I G U R E  5   Fam163a KD and rotenone do not alter the 
locomotor activity and anxiety-like behavior in EPM. (A and 
B) Total distance traveled (n = 7 mice for all groups), (C and D) 
average velocity (n = 7 mice for all groups), (E and F) number of 
open arm entries (n = 7 mice for all groups), (G and H) time spent 
in open arms (n = 7 mice for Neg. Ctr. and n = 6 for other groups), 
(I and J) number of closed arm entries (n = 7 mice for all groups), 
(K and L) time spent in open arms (n = 7 mice for all groups), 
and (M and N) time spent in the center area (n = 6 for DMSO and 
n = 7 mice for other groups). (Data are mean ± standard deviation. 
Statistical analysis: (A–F and I–N) Student's unpaired t-test, (G and 
H) Mann–Whitney U test).



      |  9 of 17ERDOGAN et al.

protective proteins against oxidative stress, including HO-
1.75 Keap1, on the other hand, inhibits the activity of Nrf276 
and increases the proteasomal degradation of Nrf2.77 The in-
crease in KEAP1 expression is expected to enhance the deg-
radation of NRF2, thereby reducing the activation of ARE 
genes such as HO-1.78 However, this is not always the case. 
One reason could be that, despite the increase in KEAP1 lev-
els, the amount of NRF2 undergoing KEAP1-mediated deg-
radation may remain constant due to the saturation of the 
KEAP1 degradation pathway.79 Consequently, an increase 
in KEAP1 levels may not lead to a proportional decrease in 
NRF2 levels or HO-1 expression.79

Mitophagy, a type of macroautophagy, plays a vital 
role in neuronal survival, health, and function. Previous 
reports indicated that ROS induces mitophagy,80 while 
chronic high-fat consumption impairs the mitophagy in 
the hypothalamus.81 LC3 is involved in the formation and 
elongation of autophagosomes, the vesicles that seques-
ter damaged organelles and proteins for degradation.82 

PINK1 and PARKIN are proteins closely associated with 
mitochondrial quality control and cellular health, with 
mutations in the genes encoding these proteins linked 
to Parkinson's disease.83,84 Generally, in a healthy cell, 
PINK1 is imported into healthy mitochondria and de-
graded, while PARKIN remains in the cytosol.85 However, 
when a mitochondrion is damaged, the import of PINK1 is 
blocked, allowing it to accumulate on the outer mitochon-
drial membrane where PARKIN can localize.84 PARKIN, 
an E3 ubiquitin ligase, then tags the damaged mitochon-
drion for degradation through a process known as PINK1/
PARKIN-mediated mitophagy.84 Polyubiquitinated mito-
chondrial proteins are identified by the autophagy cargo 
receptors p62/SQSTM1, OPTN, and NDP52, resulting in 
the sequestration of damaged mitochondria.86,87 BNIP3 
plays a significant role in hypoxia-induced mitophagy 
and plays a role in the selective removal of damaged mito-
chondria by promoting their recognition and engulfment 
by autophagosomes.88,89 The observed gene expression 

F I G U R E  6   Fam163a knockdown and mitochondrial stress differentially regulate mitochondrial dynamics. (A) mRNA expression of 
mitochondrial biogenesis-related genes, (B) mRNA expression of mitophagy-related genes, (C) mRNA expression of mitochondrial fusion 
genes, and (D) mRNA expression of oxidative stress-related genes (Data are mean ± standard deviation. n = 5 mice for all groups. Statistical 
analysis: Student's unpaired t-test or Mann–Whitney U test. *p < 0.05 and **p < 0.01).
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changes in our study indicate a complex response to 
Fam163a silencing, where the cell attempts to maintain 
mitochondrial quality control and autophagic flux under 
compromised conditions. The decrease in Map1lc3, Bnip3, 
and P62 suggests an initial impairment in the autophagic 
and mitophagic processes.87 However, the upregulation 
of Parkin, Optn, and Ndp52 may be a compensatory re-
sponse to enhance the recognition and clearance of dam-
aged mitochondria. For instance, considering that p62 
recognizes and binds ubiquitinated cargo (such as dam-
aged mitochondria tagged by PARKIN) and brings it to 
the autophagosome for degradation, the downregulation 
of P62 could impair the clearance of these damaged mito-
chondria, even if PARKIN is upregulated.90,91 Therefore, 
despite the upregulation of PARKIN, there may still be 
issues in the overall mitophagy process due to insufficient 
P62.

ARC is an important nucleus that is not only involved 
in metabolic homeostasis and reproduction but also in be-
havioral regulation via its connections with other brain re-
gions.92 Activation of AgRP neurons was found to reduce 
anxiety-like behaviors93,94 as well as locomotor activity.95 
Conversely, previous studies reported that POMC neuron 
activity46,96,97 and Pomc mRNA levels in the ARC were el-
evated in response to the stress conditions98–100 and abla-
tion of POMC neurons in the ARC decreased locomotor 
activity.43 In our study, even though not significantly, total 
distance traveled and mean velocity were reduced in both 
behavioral tests for the rotenone-administered group, in-
dicating decreased locomotor activity in these animals. 
On the other hand, while rotenone-administered animals 
tended to exhibit anxiety-like behaviors as observed in 
the EPM test, they spent longer time in the center area in 
the OFT, suggesting reduced anxiety. The reason for the 
longer time spent in the center may be attributed to the 
reduced locomotion and mobility of the animals during 
OFT, rather than reduced anxiety. On the other hand, 
when considering the elevated Pomc mRNA levels, as 
well as reduced AgRP neuron activity, in Fam163a KD 
animals, it was expected to observe increased anxiety-like 
behaviors and locomotor activity. However, our results 
showed that Fam163a KD in the ARC did not alter lo-
comotor activity and anxiety-like behaviors significantly, 
while nearly significantly increased elevation in the time 
spent in the center area in the OFT was observed. This can 
be attributed to the complex neuronal signaling between 
different neuronal populations in the ARC, including the 
circuits between AgRP and POMC neurons101 and other 
connections with other nuclei in the brain.102,103

Hypothalamic mitochondrial dynamics play a role in 
energy homeostasis by regulating the neuronal activity of 
AgRP and POMC neurons.20,21 Leptin, an adipose-derived 
hormone, is crucial for the regulation of food intake and 

energy balance104 and activates and inhibits the activity 
of POMC and AgRP neurons, respectively.105 Previously, it 
was reported that activation of AgRP neurons potentiates 
lipogenesis in the white adipose tissue106 and serum leptin 
levels are significantly correlated with body fat amount.107 
On the other hand, the International Mouse Phenotyping 
Consortium reported that full body Fam163a knockout 
mice exhibited significantly lower total body fat and sig-
nificantly higher lean body mass with no alterations in 
total body weight.108,109 Although the total fat amount of 
the animals in our study was not evaluated, reduced levels 
of leptin levels together with declined firing rates of AgRP 
neurons in Fam163a KD animals suggest that hypotha-
lamic FAM163A may regulate serum leptin levels through 
its actions on the activities of hypothalamic hunger and 
satiety neurons. In addition, activities of the POMC and 
AgRP neurons are strongly connected with mitochondrial 
dynamics and function.20,23,59,110 Considering the changes 
in mitochondria and redox-related gene expression in our 
study, the reduction in AgRP neuron firing frequency re-
sulting from both Fam163a silencing and rotenone ad-
ministration suggests that the activity of AgRP neurons 
may be influenced by mitochondrial mechanisms.

While our study provides significant insights into the 
role of FAM163A in hypothalamic neuronal activity and 
mitochondrial dynamics, several limitations should be ac-
knowledged. We used an shRNA-based approach for the 
Fam163a knockdown in the ARC. While this method ef-
fectively reduced gene and protein expression levels in the 
ARC and diminished the AgRP neuron activity, the lack 
of cell-type specificity should be noted. Further studies 
employing Cre-dependent knockdown vectors or cell-type 
specific knockout models would provide greater specific-
ity and validate the findings. Second, the activities of other 
neuronal populations, such as POMC neurons, following 
Fam163a silencing and mitochondrial stress were not 
investigated. Assessing the mitochondrial dynamics and 
neuronal activity of these neurons would provide a more 
comprehensive understanding of the interplay between 
these critical hypothalamic populations. Moreover, while 
qRT-PCR and immunofluorescence provided valuable 
insights into FAM163A expression in the hypothalamus, 
complementary quantitative alternative methods, such 
as Western blotting or mass spectrometry, could enhance 
accuracy and offer a broader analysis of FAM163A ex-
pression. Moreover, the findings regarding mitochondrial 
alterations following Fam163a knockdown and rotenone 
treatment are primarily based on gene expression analy-
ses. Direct assessments of mitochondrial morphology and 
function using advanced techniques, such as transmission 
electron microscopy (TEM) for structural changes, high-
resolution respirometry for mitochondrial respiration, and 
live-cell imaging for real-time mitochondrial dynamics, 
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would further elucidate the mitochondrial changes un-
derlying the observed effects on neuronal activity.

4   |   MATERIALS AND METHODS

4.1  |  Animal husbandry

A total of 28 wild-type male C57BL/6 mice and 16 transgenic 
male Agrp-ires-cre (Agrptm1(cre)Lowl, Jackson Labs Stock no: 
#012899) mice were used. All animals were housed under 
controlled conditions (temperature: 21.0 ± 1.0°C, light/
dark cycle: 12 h/12 h) having ad libitum access to standard 
chow food and water.111 General health of the animals was 
monitored daily, and abnormalities (if any) were reported 
to the responsible veterinarian of the facility.

4.2  |  Stereotaxic surgeries

Stereotaxic surgeries were performed as described previ-
ously.112,113 Briefly, mice (P42–P52) were anesthetized 
with isoflurane (1.5%–2.0%) in the stereotaxic instrument 
(David Kopf Instruments, Tujunga, CA, USA). Following 
a 1 cm long scalp incision, the skull was drilled to create a 
tiny injection hole using a dental drill (1.4 mm diameter). 
Intracranial injections of 300–400 nL of virus or 200 nL 
of chemicals were performed bilaterally on the ARC re-
gion (posterior: 1.38 mm, lateral: ±0.38 mm, and vertical: 
5.82 mm) using a pulled glass pipette (Drummond Scientific, 
Wiretrol, Broomall-PA) with a tip diameter of 50 μm, at a 
rate of 40 nL/min by a micromanipulator (Narishige, East 
Meadow, NY, USA), allowing 10 min for each injection. 
After removing the pipette, the surgical area was washed 
with Ringer's solution, the scalp was sutured with 5.0 silk 
surgical sutures, and cleaned with povidone-iodine for an-
tisepsis. The animals were given at least a 2–3 weeks recov-
ery period after the injections before doing additional tests. 
After the recovery period, the animals were divided into 
cages according to their experimental groups.

4.3  |  Experimental groups

The study was divided into two different experimental sets 
in line with its aims (to investigate the effects of Fam163a 
silencing and mitochondrial dysfunction in the ARC). The 
first pair of groups included the control shRNA- and the 
Fam163a shRNA-administered (Fam163a KD) groups. 
The second two groups consisted of rotenone and its sol-
vent, dimethyl sulfoxide (DMSO) groups.

The wild-type male C57BL/6 and Agrp-ires-cre mice 
were divided into four groups: DMSO group, rotenone 

group, control shRNA-administered group (Neg. Ctr.), 
and Fam163a KD group, with 7 C57BL/6 and 4 Agrp-
ires-cre mice in each group. Mice in the DMSO group 
received intracranial injections of DMSO as the vehicle 
(Sigma, D8418), while those in the rotenone group re-
ceived 50 mM (1.97 μg/site) rotenone (Cayman Chemical 
Company, 13995) dissolved in DMSO intracranially.112 
Mice in the Neg. Ctr. group received intracranial injec-
tions of control shRNA lentiviral particles (Santa Cruz 
Biotechnology, sc-108080), while those in the Fam163a 
KD group received intracranial injections of Fam163a 
shRNA (m) lentiviral particles (Santa Cruz Biotechnology, 
sc-140624-V). Each Agrp-ires-cre mouse also received an 
injection of AAV pCAG-FLEX-EGFP-WPRE (AddGene, 
51502-AAV9) to label AgRP neurons for electrophysiolog-
ical recordings.113,114

4.4  |  Behavioral studies

4.4.1  |  Food intake and body weight 
measurements

After a recovery period of 2 weeks, the wild-type animals 
were individually housed and allowed to habituate for 
3–4 days with ad  libitum access to standard chow and 
water. After habituation, animals were monitored for 
25 days. Animals' feeding behavior was assessed at 24-h 
intervals. The amount of food consumption and body 
weight measurements were taken every day and every 
other day, respectively, at 10:00–11:00 a.m.

4.4.2  |  Open field test

The open field test (OFT) is widely used to assess the loco-
motor activity and anxiety-like behaviors of rodents.115,116 
After the food intake and body weight measurements, mice 
were subjected to OFT. All mice were habituated in the test 
room for an hour. The animals were then placed in an open 
field chamber (length × width × height = 80 cm × 80 cm × 50 c
m), and their activities were recorded for 10 min by a camera. 
The time spent in the central and peripheral areas, the total 
distance traveled, and the speed were analyzed using the 
Ethovision XT 15 (Noldus) system. The arena was cleaned 
with 70% ethanol before each new animal was tested.

4.4.3  |  Elevated plus maze test

The elevated plus maze (EPM) test is used to evaluate 
anxiety-like behaviors in rodents.117,118 After the habitu-
ation of the animals in the test room for an hour, the 
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animals were placed in the center of the polypropylene 
maze with two open arms (length × width = 50 cm × 10 c
m) and two closed arms (length × width × height = 50 cm 
× 10 cm × 10 cm) facing forward to the open arm of the 
polypropylene maze that was elevated for 50 cm. Their ac-
tivities were monitored by a camera for 5 min. The time 
spent in the open and closed arms, the number of entries 
into the arms, the total distance traveled, and the average 
speed were analyzed using the Ethovision XT 15 (Noldus) 
system. The maze was cleaned with 70% ethanol before 
each new animal was tested.

4.5  |  Determination of blood glucose and 
serum insulin and leptin levels

Blood was collected from wild-type animals via cardiac 
puncture during sacrification. Blood glucose levels were 
measured using a glucometer (Vivacheck Eco). Serum 
samples obtained from the blood were stored at −80°C until 
the measurements. Serum insulin levels and leptin levels 
were measured using the Mercodia Ultrasensitive Mouse 
Insulin ELISA kit (Mercodia, 10-1249-01) and Mouse LEP 
(Leptin) ELISA Kit (Elabscience, E-EL-M3008), respec-
tively, according to the manufacturer's instructions.

4.6  |  RNA isolation, cDNA synthesis, and 
gene expression analyses

After the blood collection, animals were transcardially 
perfused with 0.9% NaCl solution under isoflurane an-
esthesia, followed by brain dissection. Brain slices con-
taining the hypothalamus at a thickness of 250 μm were 
obtained using a vibrotome (Campden Instruments, 5100 
mz). Samples of ARC regions were dissected with a micro 
punch and transferred into the microfuge tubes containing 
TRI reagent, homogenized by using a Bullet Blender X24 
(NextAdvance) and RNA was isolated according to the 
manufacturer's instructions (DirectZol™ RNA MiniPrep 
Plus, Zymo Research, R2072). During the isolation of the 
RNA, samples were treated with DNase in order to elimi-
nate genomic DNA from the samples according to manu-
facturer's instructions (DirectZol™ RNA MiniPrep Plus, 
Zymo Research, R2072). Total RNA was quantified, and 
cDNA was synthesized by using the reverse transcription 
kit including a blend of random primers and oligo(dT) 
and equal amounts of RNA (50–100 ng) according to the 
manufacturer's instructions (iScript™ cDNA Synthesis 
Kit, Bio-Rad, 1708891).

Primers for target transcripts related to mitochon-
drial biogenesis (peroxisome proliferator-activated re-
ceptor gamma coactivator 1-alpha [Pgc-1a], peroxisome 

proliferator-activated receptor gamma coactivator 1-beta 
[Pgc-1b], estrogen related receptor alpha [Erra], mitochon-
drial transcription factor A [Tfam], nuclear respiratory 
factor 1 [Nrf1], and nuclear respiratory factor 2 [Nrf2]), 
mitochondrial fusion (Optic atrophy 1 [Opa1], mitofusin 
1 [Mfn1], and mitofusin 2 [Mfn2]), mitophagy (BCL2/ad-
enovirus E1B 19 kDa protein-interacting protein 3 [Bnip3], 
nuclear dot protein 52 kDa [Ndp52], optineurin [Optn], 
FUN14 domain containing 1 [Fundc1], microtubule-
associated protein 1A/1B light chain 3A (Map1lc3a (LC3)), 
Parkin, PTEN-induced kinase 1 (Pink1), and P62 (seques-
tosome 1 (Sqstm)), oxidative stress (uncoupling protein 2 
(Ucp2), Kelch-like ECH-associated protein 1 (Keap1), heme 
oxygenase 1 (Ho-1), and hypoxia-inducible factor 1-alpha 
(Hif-1a), appetite (Agrp and Pomc), and the reference tran-
script (beta-actin (B-Actin) were amplified by qRT-PCR 
using specific primers (Table  S1) that were designed by 
using the online primer design tool Primer3web version 
4.1.0 (https://​prime​r3.​ut.​ee/​).

Sequences were amplified by qRT-PCR using 
SsoAdvanced Universal SYBR Green Supermix™) on an 
InstaQ96 Plus device (HiMedia). The absence of primer 
dimers was confirmed, and a single distinct peak was 
observed in the melting curve analysis for each primer. 
Thermal cycle sequences are given in Table S2. Changes in 
gene expression were calculated using the 2−ΔΔCt method 
and expressed as fold changes relative to the respective 
control groups.

4.7  |  Confocal microscopy

After transcardiac perfusion with 0.9% NaCl solution, 
animals were transcardially perfused with 4% paraform-
aldehyde (PFA), and whole brain tissue was dissected and 
fixed in 4% PFA for 1 week. Brain sections with a thick-
ness of 50 μm were obtained using a vibrotome (Campden 
Instruments, 5100 mz) and incubated in phosphate-
buffered saline (PBS, pH = 7.3 ± 0.2) at 4°C for 24 h. The 
sections were then stained by immunofluorescence stain-
ing using a free-floating approach. Basically, sections were 
washed with PBS (3 × 10 min) and incubated in PBS with 
0.5 M glycine for 45 min at room temperature. Sections 
were then permeabilized in PBS supplemented with 0.1% 
Triton X-100 for 1 h at 4°C and blocked in PBS containing 
3% bovine serum albumin (BSA) and 0.05% Triton X-100 
for 1 h at room temperature. After blocking, the sections 
were incubated with anti-FAM163A antibody (1:200, 
Santa Cruz Biotechnology, Clone: G-12, sc-393 821) di-
luted in antibody dilution buffer (PBS containing 1% BSA 
and 0.05% Triton X-100) overnight at 4°C. After incuba-
tion, sections were washed with PBS (3 × 10 min) and 
incubated in secondary antibody (1:2000, Cell Signaling 

https://primer3.ut.ee/
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Technology®, #8890) for 1 h at room temperature. After 
three further washes with PBS for 10 min, sections were 
coverslipped with mounting medium (Fluoroshield™ 
with DAPI; Sigma, F6057) and visualized under a confocal 
microscope (Zeiss, Axio Imager 2) equipped with appro-
priate lasers and filters. Protein expressions in the hypo-
thalamus were analyzed using Fiji software.119

4.8  |  Electrophysiology

The electrophysiological recordings were obtained be-
tween 10.00 a.m. and 01.00 p.m., and the animals had 
ad  libitum access to the standard chow food and water 
at least for 2 days prior to the electrophysiology experi-
ments.7 Agrp-ires-Cre mice were subjected to transcar-
diac perfusion with cold cutting solution (92 mM NMDG, 
2.5 mM KCl, 1.25 mM NaH2PO4, 30 mM NaHCO3, 
20 mM HEPES, 25 mM Glucose, 2 mM Thiourea, 5 mM 
Na-ascorbate, 3 mM Na-pyruvate, 0.5 mM CaCI2·2H2O, 
and 10 mM MgSO4·7H2O) under anesthesia, followed 
by brain dissection. The brains were then immersed in 
a 95% O2/5% CO2 aerated ice-cold cutting solution, and 
250-μm-thick fresh slices containing the hypothalamus 
were obtained with a vibrotome and transferred to 95% 
O2/5% CO2 aerated artificial cerebrospinal fluid (aCSF) 
incubation solution (92 mM NaCl, 2.5 mM KCl, 1.25 mM 
NaH2PO4, 30 mM NaHCO3, 20 mM HEPES, 25 mM 
Glucose, 2 mM Thiourea, 5 mM Na-ascorbate, 3 mM Na-
pyruvate, 2 mM CaCl2·2H2O, and 2 mM MgSO4·7H2O). 
The sections were incubated in this solution for at least 
1 h at room temperature and transferred to the recording 
chamber containing recording aCSF solution (124 mM 
NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 24 mM NaHCO3, 
12.5 mM glucose, 5 mM HEPES, 2 mM CaCl2·2H2O, and 
2 mM MgSO4·7H2O). Cell-attached loose-seal record-
ings were performed in voltage clamp mode, and action 
currents were recorded from GFP-expressing ARCAgrp 
neurons using electrodes with 4–5 MΩ tip resistances. 
Recording aCSF solution was used in the pipette while 
performing loose-seal recordings. MultiClamp 700B 
Amplifier (Molecular Devices, San Jose, CA) and Axon™ 
pCLAMP™ 11.3 software (Molecular Devices, San Jose, 
CA) were used to obtain and analyze data.

4.9  |  Statistical analysis

Statistical analyses were conducted using GraphPad 
Prism software (GraphPad Software, USA). Data were ex-
pressed as mean ± standard deviation. The normality of 
data distribution was examined using the Shapiro–Wilk 

test. Outlier analysis was performed using the ROUT 
method (Q = 1%).120 Data with a normal distribution were 
compared using either Student's t-test, multiple t-test, 
or two-way ANOVA followed by Bonferroni's multiple 
comparison, while nonnormally distributed data were 
analyzed using the Mann–Whitney U test. All data were 
presented as mean ± standard deviation. p < 0.05 was con-
sidered statistically significant.

5   |   CONCLUSION

Our results suggest that the hypothalamic FAM163A 
may play a role in the regulation of the AgRP neuronal 
activity by influencing the expression of the genes related 
to mitochondrial dynamics and biogenesis and redox 
state. Moreover, although both Fam163a knockdown 
and rotenone reduced the activity of the AgRP neurons, 
their effects on the local bioenergetics and redox ho-
meostasis likely operate through different mechanisms, 
which require further elucidation. Given that the hypo-
thalamus contains various neuronal populations and cir-
cuits involved in regulating food intake, it is not possible 
to attribute the effects of these manipulations solely to 
the AgRP neuronal activity, and more comprehensive 
studies investigating the activities of other neurons, 
including POMC neurons, are required. Moreover, the 
deletion of Fam163a in particular neuronal populations 
within the ARC that regulate satiety and hunger could 
provide more definitive evidence regarding the effects 
of FAM163A in cellular and organismal metabolism. 
Nonetheless, our findings offer insight into the role of 
FAM163A and mitochondrial stress in the central regu-
lation of metabolism.
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