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Palmitic acid control of ciliogenesis modulates insulin signaling
in hypothalamic neurons through an autophagy-dependent
mechanism
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Palmitic acid (PA) is significantly increased in the hypothalamus of mice, when fed chronically with a high-fat diet (HFD). PA impairs
insulin signaling in hypothalamic neurons, by a mechanism dependent on autophagy, a process of lysosomal-mediated
degradation of cytoplasmic material. In addition, previous work shows a crosstalk between autophagy and the primary cilium
(hereafter cilium), an antenna-like structure on the cell surface that acts as a signaling platform for the cell. Ciliopathies, human
diseases characterized by cilia dysfunction, manifest, type 2 diabetes, among other features, suggesting a role of the cilium in
insulin signaling. Cilium depletion in hypothalamic pro-opiomelanocortin (POMC) neurons triggers obesity and insulin resistance in
mice, the same phenotype as mice deficient in autophagy in POMC neurons. Here we investigated the effect of chronic
consumption of HFD on cilia; and our results indicate that chronic feeding with HFD reduces the percentage of cilia in hypothalamic
POMC neurons. This effect may be due to an increased amount of PA, as treatment with this saturated fatty acid in vitro reduces the
percentage of ciliated cells and cilia length in hypothalamic neurons. Importantly, the same effect of cilia depletion was obtained
following chemical and genetic inhibition of autophagy, indicating autophagy is required for ciliogenesis. We further demonstrate a
role for the cilium in insulin sensitivity, as cilium loss in hypothalamic neuronal cells disrupts insulin signaling and insulin-
dependent glucose uptake, an effect that correlates with the ciliary localization of the insulin receptor (IR). Consistently, increased
percentage of ciliated hypothalamic neuronal cells promotes insulin signaling, even when cells are exposed to PA. Altogether, our
results indicate that, in hypothalamic neurons, impairment of autophagy, either by PA exposure, chemical or genetic manipulation,
cause cilia loss that impairs insulin sensitivity.
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INTRODUCTION
The global prevalence of obesity has more than doubled since
1980; and currently, more than 13% of the world adult population
is obese [1]. One of the main factors that increase obesity rates is
consumption of the so-called western style high-fat diet (HFD), a
diet rich in saturated fatty acids (SatFAs), mainly palmitic acid (PA),

which promotes the development of obesity and obesity-
associated metabolic diseases such as insulin resistance [2, 3].
It is widely accepted that SatFAs decrease insulin sensitivity in

several peripheral tissues as well as in the central nervous system
(CNS), specifically in the hypothalamus, a key brain site involved in
the regulation of peripheral insulin sensitivity and glucose
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homeostasis [4, 5]. PA is significantly increased in the plasma of
obese humans [6] and in the hypothalamus of mice following
chronic HFD consumption [7, 8], promoting insulin resistance by
mechanisms that have been only partially unveiled.
In the hypothalamus, neurons and astrocytes, but not microglia,

have a structure, similar to an antenna, known as the primary
cilium (hereafter cilium) [9, 10]. The cilium is a non-motile and
solitary (one per cell) organelle composed of a ciliary membrane
that surrounds a microtubule-based axoneme, which nucleates
from the basal body [11]. The microtubules of the axoneme serve
as tracks for intraflagellar transport (IFT) during its assembly and
provide the scaffold for the binding of various protein complexes.
IFT particles and their associated cargo proteins are transported in
an anterograde direction to the tip of the cilium by kinesin-2
motor proteins [12]. Kinesin Family Member 3A (KIF3A), a kinesin-2
family motor protein, together with KIF3B and kinesin-associated
protein (KAP), form a heterotrimeric motor for IFT along the ciliary
axoneme, thus allowing the growth of the cilium [13, 14].
Depletion of IFT88 or KIF3A disrupts the cilium and therefore its
function [12, 15]. The ciliary membrane is enriched in receptors
that allow the cell to sense, transduce, and integrate a variety of
extracellular stimuli, thus the cilium is considered as a signaling
platform [16]. Interestingly, the presence and the location of these
receptors within the cilium change in response to different stimuli
and in response to the metabolic status of the cell [17]. A
subgroup of patients with ciliary dysfunctions are obese and
present metabolic syndrome [18]. Human genetic ciliopathies
such as Bardet–Biedl syndrome and Alström’s syndrome manifest
obesity and type 2 diabetes [19, 20]. Inhibition of ciliogenesis in
anorexigenic proopiomelanocortin (POMC) hypothalamic neurons,
in neonatal mice, leads to adult obesity [21]. The same obesity-
prone phenotype is shown in mice, when the autophagic process
is inhibited in POMC neurons [22–25].
Macroautophagy, hereafter autophagy, is a key process for the

maintenance of cellular and tissue homeostasis through the
turnover of cytoplasmic material. Growing evidence supports a
bidirectional relationship between ciliogenesis and autophagy
[26]. Autophagy has been demonstrated to promote ciliogenesis
in mouse embryonic fibroblasts (MEF) and human retinal
pigmented epithelial (RPE) cells [27], by degrading ciliogenesis
inhibitory proteins [28]. The pharmacological or genetic ablation
of autophagy decreases the percentage of ciliated cells and cilium
length in the same models [26]. Conversely, the primary cilium can
regulate autophagy through modulation of suppression of
mTORC1 activity [28]. These data suggest that proper autophagic
function is necessary to adequate cilia function, and vice versa.
We and others have shown that autophagy regulates insulin

signaling [29–31]. We demonstrated that genetic and chemical
inhibition of autophagy in hypothalamic neuronal cells reduces
insulin signaling, finally preventing insulin-dependent glucose
uptake [31], by mechanisms that have not yet been unveiled.
Interestingly, the insulin receptor (IR) has been identified in the
primary cilium of pancreatic β-cells [32], suggesting the possible
involvement of the IR at the cilium of hypothalamic neurons.
Here we show that chronic consumption of a pro-obesogenic

HFD, which promotes the accumulation of SatFAs and inhibits the
autophagic flux in the hypothalamus [7, 8, 33, 34], reduces the
percentage of ciliated hypothalamic POMC neurons. Treatment of
hypothalamic neurons with PA, which as we previously showed
blocks autophagy [31, 35], reduces the percentage of ciliated cells
and cilia length. The same effect was obtained following chemical
and genetic inhibition of autophagy. Our findings show that the
primary cilium, in hypothalamic neuronal cells, is necessary and
sufficient to regulate insulin signaling and insulin-dependent
glucose uptake, an effect that correlates with the ciliary
localization of the insulin receptor.
Altogether, these results suggest that insulin resistance caused

by HFD feeding or PA, which inhibits autophagy, might be due to

impaired ciliogenesis and loss of ciliary-dependent activation of
IR-dependent signaling in hypothalamic neurons.

RESULTS
Chronic HFD consumption, that induces obesity, promotes
cilia loss in hypothalamic POMC neurons
Prior studies have shown that long-term consumption of a pro-
obesogenic HFD reduces the length of primary cilia in the
hypothalamus of mice [36]. Importantly, it was not determined in
which type of neurons this effect was occurring. Here we assessed
the effect of HFD specifically on POMC neurons, by using male
POMC-eGFP mice fed with a chow or HFD for 16 weeks. As
expected, HFD feeding significantly increased the body weight of
mice (Fig. 1A, B), together with decreasing glucose tolerance in a
glucose tolerance test (Fig. 1C, D). The percentage of POMC
neurons with cilia was 76.38 ± 3.61%, in chow diet-fed mice, while
this number was significantly reduced in POMC neurons of diet-
induced obese mice (44.80 ± 5.35%) (Fig. 1E–H). Supplementary
Figs. 1 and 2 describe the process of cilia selection, to determine
that the cilia analyzed correspond to each POMC-eGFP cell. In
addition, the z-plane in which each marked POMC-eGFP neuron
was found was closely analyzed, to confirm which of the cilia
identified matched the cell´s position (Supplementary videos S1
and S2). Cilia length, which on average was 7.00 ± 0.21 μm in cilia
from POMC neurons of chow-fed animals and 6.56 ± 0.25 μm in
cilia of POMC neurons from mice that consumed the HFD, was not
affected by diet consumption (Supplementary Fig. 3A). Cilia
volume, surface, and cilia bending (determined as the ratio of
ciliary length and the length of the orientation vector) in POMC
neurons were not affected by long-term HFD feeding (Supple-
mentary Fig. 3). However, cilia length was significantly reduced in
cilia of non-POMC cells, which considers all the other cilia
identified in the tissue (the other types of neurons and astrocytes)
(Supplementary Fig. 3A). Cilia volume, surface and cilia bending
were significantly reduced in non-POMC cells of mice fed with the
HFD (Supplementary Fig. 3B-D). Finally, we plotted the frequency
of different cilia lengths in POMC neurons; we observe that this
was not significantly affected by HFD consumption (Fig. 1I). These
results indicate that consumption of HFD reduces the number of
cilia, their volume, surface, and bending in hypothalamic neurons,
with different effects depending on the type of neuron.

PA reduces the percentage of ciliated cells and primary cilium
length in hypothalamic neurons
As shown in Fig. 1H and Supplementary Fig. 3A, and consistent
with a previous study [36], HFD consumption affects the number
of ciliated neurons and cilium length in the hypothalamus. Based
on our previous studies, we know that chronic consumption of
HFD changes the composition of fatty acids in the brain [7, 33]. We
have focused our attention on palmitic acid (PA), the main SatFA
in HFD, which, as demonstrated in previous work, accumulates in
the hypothalamus of rodents following chronic HFD feeding [8].
Here we evaluated if exposure to this SatFA affects ciliogenesis in
hypothalamic neurons. PA exposure over time decreased both the
percentage of ciliated cells and cilia length in N43/5 cells, a model
of hypothalamic POMC neurons [37], overtime (Fig. 2A–C). Our
results show an increase in the frequency of shorter cilia (less than
4 μm) in PA-treated cells compared to control cells (BSA, used as
vehicle) (Fig. 2D). This result was confirmed by using two different
markers of primary cilia: acetylated ɑ-tubulin (Supplementary
Fig. 4A), which stains the ciliary axoneme [38], and ARL13B (Fig.
2A–D), a regulatory GTPase highly enriched in cilia [38]. ARL13B
protein levels significantly decreased following 6 h of PA exposure
(Fig. 2E). Treatment with an additional SatFA, stearic acid, the
second SatFAs increased in the hypothalamus of mice chronically
exposed to the HFD [8], also decreased the percentage of ciliated
cells (Supplementary Fig. 4B). Conversely, exposure to the
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polyunsaturated fatty acid (PUFA) ɑ-linolenic acid, did not affect
ciliogenesis (Supplementary Fig. 4B). This effect was replicated in
primary hypothalamic neurons (Fig. 2F–H), where the percentage
of ciliated neurons and cilia length decreased over time, when
neurons are exposed to PA. Conversely, treatment with PA did not
affect the number of cilia in primary hypothalamic astrocytes,
however, their length was reduced (Supplementary Fig. 4C, D).
Together, these results indicate that the effect of fatty acids on
primary cilia is dependent on the class of fatty acid; SatFAs are the
ones that produce a decrease in the percentage of cilia and cilia
length. In addition, the effect of PA on primary cilia is cell-type
dependent, as the reduction in cilia has been identified only in
hypothalamic neurons but not in hypothalamic astrocytes.

Autophagy impairment decreases ciliogenesis in
hypothalamic neurons
Based on our previous findings, where we showed that PA impairs
autophagy [31, 35], and consistent with previous work showing a
specific interplay between autophagy and primary cilia
[28, 39, 40], we hypothesize that the reduction in primary cilia
number and length we observed in PA-treated hypothalamic

neurons could be mediated by autophagy inhibition. Thus we
exposed N43/5 cells (Fig. 3A–C) and primary hypothalamic
neurons (Fig. 3D–F) to the classic autophagy flux inhibitor
Bafilomycin A1 (BafA1) [41], and we determined that inhibition
of the autophagic flux indeed decreased the percentage of ciliated
cells and cilia length in both models. The same result was
obtained when N43/5 cells were treated with chloroquine (CQ)
(Supplementary Fig. 5A), an additional chemical inhibitor of the
autophagic flux [41]. Importantly, even if BafA1 acutely increases
[Ca]i (Supplementary Fig. 5B, C), this response is transient, as 6 h
BafA1 pretreatment does not change the calcium influx induced
by KCl, used as positive control to increase cytosolic calcium
concentration (Supplementary Fig. 5D, E). To note, CQ does not
modify [Ca]i (Supplementary Fig. 5B–E), suggesting the effect on
cilia is directly caused by autophagy depletion and not related to
calcium signaling, an additional element that has previously been
shown to affect ciliogenesis [42]. Consistently, depletion of
different essential autophagy proteins involved in the formation
of the autophagosome, namely Beclin-1 (BECN1) and FIP200,
significantly reduced the abundance of cilia and their length in
N43/5 cells (Fig. 3G–K). Together these results indicate that

Fig. 1 Chronic HFD consumption decreases the percentage of ciliated cells in hypothalamic POMC neurons. A Body weight of C57BL/6
transgenic mice expressing eGFP in POMC neurons (POMC-eGFP) on a chow or high-fat diet (HFD) for 16 weeks. B Body weight (BW) increase
of POMC-eGFP mice fed chow or HFD after 16 weeks. C Glucose tolerance test (GTT) and D area under the curve (AUC) of GTT of POMC-eGFP
mice fed chow or high-fat diet (HFD) for 16 weeks. E Representative confocal images showing POMC-eGFP neurons and AC3 (adenylate
cyclase 3, cilia) immunoreactivity in the arcuate nucleus of the hypothalamus, with the respective binary masks (F, G) of mice fed chow or HFD
for 16 weeks. Arrowheads indicate cilia of POMC-eGFP neurons. Scale bar: 20 µm. Nuclei were stained with Hoechst (blue). H Percentage of
ciliated cells in POMC-eGFP neurons. I Cilia length distribution of POMC-eGFP neurons from mice fed chow or HFD for 16 weeks. Data are
presented as mean ± SEM. Statistical differences were evaluated by using: A Two-way ANOVA followed by post hoc Sidak multiple comparison
test; B, D, H unpaired two-tailed Student t-test; C two-way ANOVA, post hoc Holm-Sidak multiple comparison test. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001. n= 4/group.

Y. Ávalos et al.

3

Cell Death and Disease          (2022) 13:659 



Fig. 2 Palmitic acid reduces the percentage of ciliated cells and primary cilium length in hypothalamic neurons. A Representative confocal
images of N43/5 hypothalamic neuronal cells treated with BSA (vehicle) or palmitic acid (PA, 100 μM) during 6 h, stained against ARL13B (ADP-
ribosylation factor-like protein 13B, cilia axoneme) and γ-tubulin (cilia basal body). Scale bar: 10 µm. Inserts show a magnification of one cell
within the dotted square. Insert scale bar: 5 µm. Arrowheads indicate the primary cilium. Quantification of B percentage of ciliated cells, C cilia
length, and D cilia length distribution of N43/5 hypothalamic cells treated with BSA (vehicle) or palmitic acid (PA) during 2 h, 4 h, and 6 h and
stained against ARL13B. E Representative western blot of ARL13B proteins levels in N43/5 cell lysates, incubated with BSA or PA (100 μM) for
6 h with the respective quantification. F Representative confocal images of primary hypothalamic neurons treated with BSA or PA (100 μM) for
6 h, 16 h, and 24 h, stained against ARL13B and with the neuronal marker NeuroTrace, with their respective quantifications (G, H). Arrowheads
indicate the primary cilium. Scale bar: 10 µm. Nuclei were stained with Hoechst (blue). Data are presented as mean ± SEM. Statistical
differences were evaluated by using: B, D, G Two-way ANOVA followed by post hoc Sidak multiple comparison test; C one-way ANOVA, post
hoc Tukey multiple comparison test; E, H unpaired two-tailed Student t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n= 3.

Y. Ávalos et al.

4

Cell Death and Disease          (2022) 13:659 



Fig. 3 Autophagy impairment decreases ciliated cell percentage and primary cilium length in hypothalamic neurons. A Representative
confocal images of N43/5 hypothalamic neuronal cells treated with the autophagic flux inhibitor BafA1 (100 nM) or its vehicle (DMSO) for 6 h
and then stained against ARL13B (ADP-ribosylation factor-like protein 13B, cilia axoneme) and γ-tubulin (cilia basal body). Arrowheads indicate
the primary cilium. Scale bar: 10 µm. Inserts show a magnification of one cell within the dotted square. Insert scale bar: 5 µm. Quantification of
B percentage of ciliated cells and C cilia length of N43/5 hypothalamic cells treated as indicated in A. D Representative confocal images of
primary hypothalamic neurons treated with DMSO or BafA1 (100 nM) during 6 h, stained against ARL13B and with the neuronal marker
NeuroTrace, with their respective quantifications (E, F). Inserts show a magnification of cells within the dotted square. Arrowheads indicate the
primary cilium. Scale bars: 10 µm. G Representative confocal images of N43/5 hypothalamic neuronal cells transfected with siRNA against
BECN1 and FIP200. Scale bar: 10 µm. Inserts show a magnification of one cell within the dotted square. Insert scale bar: 5 µm. Arrowheads
indicate the primary cilium. Nuclei were stained with Hoechst (blue). Quantification of H percentage of ciliated cells and I cilia length of N43/5
hypothalamic cells treated as indicated in G. Representative western blot showing protein levels of N43/5 cells depleted of J BECN1 and
K FIP200. Cells were incubated with Lipofectamine RNAiMAX reagent only (Mock) as control. Data are shown as mean ± SEM. Comparisons
between two conditions were made using the unpaired two-tailed Student t-test. One-way ANOVA was used for comparison of more than 2
groups, followed by Tukey’s post hoc adjustment. *p < 0.05, **p < 0.01, ***p < 0.001. n= 3.
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inhibition of autophagy impairs ciliogenesis in hypothalamic
neurons both at the step of autophagosome formation and
during the later stages of the autophagic flux.

Primary cilium dysfunction inhibits insulin signaling in
hypothalamic neurons
Some types of ciliopathies such as Alström’s syndrome are
characterized by early onset of type 2 diabetes, hyperinsulinemia,
and obesity, suggesting a contribution of the primary cilium in its
pathogenesis [43, 44].
To understand this potential relation, here we evaluated the

role of the primary cilium in N43/5 cells in insulin signaling and
glucose uptake (Fig. 4). First, we determined that, in addition to
pancreatic β-cells [32], the active insulin receptor (IR) localizes at
the primary cilium, as indicated by the presence of p-IR (Tyr1361)
in the axoneme (Fig. 4A). Not only IR, but also additional proteins
of the insulin receptor-dependent signaling localize at the primary
cilium, such as the active form of protein kinase B, also known as
AKT (Ser473), which has been identified at the ciliary base of N43/
5 cells (Fig. 4B), suggesting that primary cilia sensitize insulin
receptor signaling.
As shown in Fig. 2, PA exposure depletes primary cilia in

hypothalamic neurons, and at the same time, blocks insulin-
dependent signaling [31]. Thus, we evaluated whether depletion
of primary cilia affects insulin sensitivity, as the IR localizes at the
primary cilium. To this end, we determined the effect of the siRNA-
dependent downregulation of essential genes for cilia assembly,
Kif3a and Ift88, on insulin signaling and insulin-dependent glucose
uptake. KIF3A knockdown, which reduced the percentage of
ciliated cells (Fig. 4G), blunted insulin-dependent signaling and
insulin-dependent glucose uptake, as indicated by the decrease in
p-IR and p-AKT levels following insulin treatment (Fig. 4C–F) and
by the reduction in insulin-dependent glucose uptake (Fig. 4K–N).
In accordance with these results, downregulation of IFT88, which
reduced the percentage of cilia (Fig. 4J), decreased the
phosphorylation of IR (Tyr1361) induced by insulin treatment
(Fig. 4H, I), and impaired insulin-dependent glucose uptake in
N43/5 cells (Fig. 4K–N). These results confirm the primary cilium in
hypothalamic neuronal cells is necessary to mediate insulin
signaling.

Induction of ciliogenesis stimulates insulin signaling
Next, we assessed if induction of ciliogenesis is sufficient to
promote insulin signaling. We silenced in N43/5 cells the protein
microtubule-associated protein 4 (MAP4), a protein of the MAP2/
TAU family, which promotes the polymerization and stability of
cytoplasmic microtubules (Fig. 5A) [45] and whose down-
regulation has previously been shown to increase the percen-
tage of ciliated cells and cilia length in retinal pigmented
epithelial cells [45]. Our results show that MAP4 silencing
significantly increased the percentage of ciliated cells (Fig. 5B)
without affecting cilia length (Fig. 5C). Then we evaluated the
effect of insulin on its signaling pathway in cells in presence or
absence of MAP4. Our results indicate that MAP4 downregula-
tion, which increases the percentage of N43/5 ciliated cells,
further enhances the phosphorylation of AKT compared to
control, when cells are exposed to insulin (Fig. 5D, E). Altogether,
these results show that ciliogenesis can indeed promote insulin
signaling (Fig. 6).
In addition, we evaluated if induction of ciliogenesis prevents the

effect of PA on insulin signaling, as acute exposure to PA reduces
insulin signaling [31], as indicated by the levels of AKT phosphor-
ylation. To this aim, we downregulated MAP4 in the presence or
absence of PA and we determined the levels of AKT phosphoryla-
tion in response to insulin. Our data show that MAP4 silencing
increases the number of primary cilia and cilia length, in PA-
exposed cells (Fig. 5F–H) and restores insulin-mediated AKT
phosphorylation, reduced by PA treatment (Fig. 5I, J). These results

show that enhanced ciliogenesis prevents the effect of PA on
insulin signaling.

DISCUSSION
The present study demonstrates that chronic consumption of an
HFD in male mice reduces the number of cilia in POMC-
expressing neurons (Fig. 1). Cilia length is also significantly
reduced in non-POMC cells (other hypothalamic neurons and
astrocytes) (Supplementary Fig. 3), possibly due to the accumula-
tion of PA in the hypothalamus. We show that N43/5 cells and
primary hypothalamic neurons exposed to a pro-obesogenic
concentration of PA decreased their percentage of ciliated cells
and cilia length (Fig. 2). The treatment of primary cultures of
hypothalamic astrocytes with PA also diminished cilia length, but
not the number of cilia (Supplementary Fig. 4). These results
suggest cell specificity for the effect of the HFD-derived PA in the
regulation of ciliogenesis (Fig. 6).
Chronic consumption of HFD is the main cause of visceral

obesity, glucose intolerance, and insulin resistance [46]. Recently
there has been increased attention towards the relation between
obesity and primary cilia. Han et al. [36] demonstrated that long-
term consumption of a pro-obesogenic HFD reduces cilia length in
hypothalamic neurons of mice; however, they did not differentiate
among types of hypothalamic neurons. Using a different cell
model, Ritter et al. [47] showed that obese human donors exhibit
shortened primary cilia and a reduced number of ciliated cells in
adipose-derived mesenchymal stem cells (ASCs). However, the
current study shows the effect of SatFAs on ciliogenesis and
primary cilia length in neurons for the first time, specifically
evaluating this effect on POMC neurons. We also demonstrated
that the effect of fatty acids on ciliogenesis depends on the type
of fatty acid; only SatFAs reduced the percentage of ciliated
neurons and cilia length, at least in vitro.
In this work, we determined in vivo the chronic effect of HFD on

the primary cilium, showing that long-term exposure depletes cilia
in POMC neurons (Fig. 1). Conversely, in vitro, we showed that the
effect of SatFAs on cilia is acute and maintained over time, at least
up to 24 h, in primary hypothalamic neurons (Fig. 2). These results
suggest that future experiments should be performed to
determine if consumption of HFD has also a rapid effect on
primary cilia in vivo. This might be of particular relevance at the
level of arcuate neurons, which, due to their position next to the
median eminence, are highly sensitive to changes in hormones
and nutrients, such as fatty acids [48], finally affecting the
activation of different cellular signaling pathways that depend
on the primary cilium (i.e., leptin signaling or, as we showed,
insulin signaling). It is tempting to speculate that the primary
cilium, which is enriched in G-protein-coupled receptors [49],
might contain fatty acid receptors such as GPR40 or GPR120,
which are expressed at the level of the hypothalamus, rapidly
activating cellular pathways involved in the control of energy
homeostasis [50]. Furthermore, while the organism quickly
responds to a short-term dietary-dependent fatty acid exposure
by modulating intracellular pathways involved with lipid metabo-
lism, this response is disrupted when the exposure is chronic,
leading to the over accumulation of PA within the cell, promoting
metabolic complications [51]. As such, short-time HFD effects
might be even opposite on ciliogenesis, such as in the case of
autophagy that, even if impaired in the hypothalamus after
chronic HFD feeding, is enhanced in hypothalamic neurons of
mice fed with an HFD for 1–3 days [52].
We recently showed that PA, in addition to its effect on the

primary cilium, also impairs autophagy in hypothalamic neurons
[31, 35]. Here we show that both pharmacological and genetic
inhibition of autophagy decrease the percentage of ciliated cells
and cilia length in neurons (Fig. 3), suggesting that PA impairs
ciliogenesis in hypothalamic neurons through the inhibition of
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autophagy. An essential body of evidence shows that autophagy
is one of the primary regulators of ciliogenesis in different cell
types. Indeed, genetic [39, 40] and pharmacological [53, 54]
manipulation of autophagy control ciliogenesis in both basal and
nutrient-starvation conditions. Tang et al. [40] showed that
autophagy promotes ciliogenesis through selective degradation
of the Oral-facial-digital syndrome 1 (OFD1) protein localized at
the centriolar satellites in retinal pigmented epithelial (RPE) cells

and mouse embryonic fibroblasts (MEFs) [40, 55] reported that
Peroxisome Proliferator Activated Receptor Alpha (PPARA), a
nutrient-sensing receptor, induces ciliogenesis controlling the
expression of autophagic genes in three different cell types (RPE,
MEFs, and human kidney-2 (HK-2)) [55]. In addition, according to
our data, it has been shown that autophagy inhibition decreases
cilia length in HK-2 cells [55], and conversely, that autophagy
activation promotes cilia elongation [40, 56]. In contrast with the
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findings mentioned above, other studies show that autophagy
inhibition, using either 3-methyladenine or ATG5 KO cells,
increases cilia length in MEFs [39, 57], suggesting that the role
played by this lysosomal degradative pathway might depend on
the cell type or be context-dependent, possibly to guarantee that
the primary cilium is formed properly [58]. However, whether
autophagy controls ciliogenesis and primary cilium length in
hypothalamic neurons was previously unknown. Here we demon-
strated that autophagy impairment decreases ciliogenesis and
cilia length in primary cultures of hypothalamic neurons and in
N43/5 cells (Fig. 3). We might speculate that autophagy inhibition
prevents the degradation of selective regulators of ciliogenesis;
thus influencing cilia formation, elongation or resorption. In this
context, the decreased levels of ARL13B that we observed in
hypothalamic N43/5 cells exposed to PA (Fig. 2E) could be the
result or the cause of cilia resorption. Importantly, we showed that
PA induces an increase in cytosolic calcium [31], which might
affect cilia length, as previous work has demonstrated that the
length of the primary cilium is negatively correlated with cytosolic
calcium concentration, at least in mammalian epithelial and
mesenchymal cells [59]. This suggests that not only autophagy
inhibition, but also calcium fluxes induced by PA, might be
affecting primary cilia in our model, an hypothesis that should be
further investigated in the near future. Despite this, the leading
role of autophagy in the regulation of primary cilia length is
demonstrated by the action of chloroquine which inhibits
autophagy and depletes primary cilia without increasing cytosolic
calcium in N43/5 cells (Supplementary Fig. 5).
As mentioned before, primary cilia are sensory organelles that

detect changes in the extracellular environment integrating and
transmitting signaling information to the cell regulating cellular
and physiological processes [60]. Depletion of primary cilia in the
hypothalamus, as well as aberrant localization and signaling of
ciliary receptors, causes obesity and impairs glucose homeostasis
[21, 36, 61–66]. It has been demonstrated that stereotaxic injection
of siRNAs against ciliary proteins in the mediobasal hypothalamus
reduces the insulin response [36], and that the specific depletion
of primary cilia in hypothalamic neurons is sufficient to increase
plasma insulin levels in mice [61], suggesting that hypothalamic
primary cilia might be involved in the regulation of insulin
signaling and insulin plasma levels.
We showed that the insulin receptor localizes at the primary

cilium in hypothalamic neurons (Fig. 4A). Additional proteins of
the insulin receptor-signaling pathway localize at the primary
cilium, such as the active form of AKT (p-AKT Ser473), which has
been identified at the ciliary base (Fig. 4B), suggesting that
primary cilia participate in the activation of insulin signaling in this
cell type. It was previously shown that insulin receptors localize to
the primary cilia of pancreatic β cells [32, 67], where primary cilia
are necessary for proper insulin signaling. Two studies have dealt
with this: Gerdes et al. [67] indicate that the active IR has to
translocate to the cilium, following insulin stimulation, to activate

the insulin-dependent signaling pathway. However, our results
confirm the recent study of Li et al. [32], where authors showed
that the IR constitutively localizes at the cilium, where it is stably
active. It is currently unknown why the levels of phosphorylation
of the IR at the cilium are higher, however, this might be
associated, as the authors suggest, with the cilia high surface-to
volume ratio, which enhances the possibility of interaction
between the IR and its scaffold proteins. Indeed, for this reason,
the primary cilium has been defined as a “signaling platform” [68].
Previous work reported that also the Insulin-like growth factor 1
receptor (IGF1R), localized at the cilium, is more sensitive to insulin
stimulation than the receptors localized in the plasma membrane
[69].
Finally, we also demonstrate how reducing the percentage of

ciliated cells, using siRNAs against IFT88 and KIF3A impaired
insulin-dependent signaling and glucose uptake in N43/5 cells
(Fig. 4), and conversely that increasing the number of ciliated cells
increase insulin signaling (Fig. 5), supporting the idea that primary
cilia are essential to mediate insulin response in hypothalamic
neuronal cells. The expression of the insulin-sensitive glucose
transporter, GLUT4, has been demonstrated in the hypothalamus
of rodents, mostly in neurons [70], where it is involved in
hypothalamic regulation of food intake, energy expenditure, and
whole-body glucose homeostasis [71, 72]. The selective knockout
of brain GLUT4 in mice produces glucose intolerance, hepatic
insulin resistance, and reduces glucose uptake in the brain,
indicating a critical role for brain GLUT4 in sensing and responding
to changes in blood glucose [72]. Although so far no studies have
reported the presence of GLUT4 at the primary cilium, it has been
shown that RAB10, which is required for GLUT4 translocation from
intracellular storage to the plasma membrane [73], localizes at the
base of the cilia of renal epithelial cells [74]. Future studies need to
determine whether the decrease in insulin-dependent glucose
uptake in conditions of reduced ciliogenesis is caused by a
decrease in the presence of GLUT4 at the primary cilium.
Our present findings demonstrate a role for SatFAs in the

control of ciliogenesis and cilia length in hypothalamic neurons,
indicating an autophagy-dependent mechanism. Our results also
show the cilium-related regulation of insulin signaling in
hypothalamic neurons, offering a potential new therapeutic
avenue for obesity and insulin resistance.

MATERIALS AND METHODS
Animals and body weight measurements
All animal protocols in this study were approved by the Pontificia
Universidad Católica de Chile Animal Ethics Committee (protocols
190606002, 170706033). The number of animals for each experiment
was calculated to be a low as possible, yet enabling us to gain meaningful/
reliable data, according to the work we previously published [34], as
calculated by the free online sample size calculator at http://
www.biomath.info. Animals were randomly assigned to the 2 test groups
and always maintained in the same environment to avoid bias. All

Fig. 4 Primary cilium depletion reduced insulin signaling in hypothalamic cells. Representative confocal images showing A phospho-IR
(pIR) and B phospho-AKT (pAKT) with primary cilium (acetylated α-tubulin, Ac α-tub) double immunostaining in N43/5 hypothalamic neuronal
cells. Scale bar: 10 µm. Inserts show a magnification of one cilium within the dotted square. Insert scale bar: 2 µm. Nuclei were stained with
Hoechst (blue). Representative blots of N43/5 hypothalamic cells transfected with siRNA against KIF3A followed by insulin (1 nM) or PBS
(control) treatment for 3min to evaluate IR phosphorylation (C) or 12min to evaluate AKT phosphorylation (E), with their respective
quantifications (D, F). G Percentage of ciliated cells in N43/5 hypothalamic cells depleted of KIF3A. H Representative blot of N43/5
hypothalamic cells transfected with siRNA against IFT88 followed by insulin (1 nM) or PBS (control) treatment for 3min to evaluate IR
phosphorylation, with their respective quantifications (I). J Percentage of ciliated cells in N43/5 hypothalamic cells transfected with siRNA
against IFT88. K Representative images of 2-NBDG uptake in N43/5 hypothalamic cells transfected with siRNA against KIF3A and IFT88 and
then stimulated with insulin 1 nM for 30min, with its quantification (N). Scale bar: 10 μm. Representative western blots showing protein levels
of N43/5 hypothalamic cells depleted of L KIF3A or M IFT88. As control condition, cells were incubated with Lipofectamine RNAiMAX reagent
only (Mock). Data are presented as mean ± SEM. Comparisons between two conditions were made using the unpaired two-tailed Student t-
test. Two-way ANOVA was used for comparison of more than 2 groups, followed by Sidak’s post hoc adjustment. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001. ns, not significant. n= 3.
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measurements and tests were performed in a blinded fashion. Eight-week-
old C57BL/6J-Tg(Pomc-eGFP)1Low/J (Jackson Laboratory, #009593, Bar
Harbor, ME, USA) male mice were fed with a regular diet (0001495, Prolab®

RMH 3000, LabDiet, St. Louis, MO, USA) or a 40% high-fat diet (HFD,
D12079B, Research Diets, New Brunswick, NJ, USA) for 16 weeks. Mouse
body weight was measured weekly.
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Glucose tolerance test
Six-hour-fasted mice were injected intraperitoneally with glucose (2 g/kg of
body weight) to perform the glucose tolerance test. Glucose concentra-
tions were measured before and 15, 30, 45, 60, 90, and 120min after the
challenge in an Accu-Chek® Performa glucometer (Roche Diagnostics, S.L.,
Spain). Immediately after the end of the experiment, mice were placed in a
new clean cage with food and water. These procedures were performed as
suggested by the NIH Mouse Metabolic Phenotyping Center (MMPC)
Consortium [75].

Immunofluorescence and confocal microscopy
For staining neuron cilia in mice, animals under anesthesia (Ketamine
80mg/kg and Xylazine 12mg/kg) were perfused transcardially with 4%
PFA, and brains were post-fixed in 4% PFA for 24 h and infiltrated with
20–30% sucrose. Brain sections of 30 µm thickness were made using a
cryostat (Leica Biosystems, IL, USA) at −20 °C. Fixed brain sections were
blocked with 3% bovine serum albumin (BSA, Winkler, Chile) in phosphate-
buffered saline (PBS) and permeabilized with 0.25% Triton X-100 for 1 h at
room temperature. Then, brain sections were incubated overnight at 4 °C
with the primary antibody against adenylate cyclase 3 (AC3; 1:300, PA5-
35382, Invitrogen, Carlsbad, CA, USA) prepared in 0.05% Triton X-100 and
3% BSA in PBS, followed by conjugation with its secondary antibody (Alexa
Fluor, Life Technologies, Carlsbad, CA, USA), for 1 h at room temperature.
N43/5 cells and primary cultures of hypothalamic neurons were treated

as indicated in each experiment, then both the percentage of ciliated cells
and primary cilium length were evaluated by immunofluorescence (IF). For
cilia analysis in N43/5 cells, cells were fixed with 4% PFA for 20min at room
temperature, blocked in 3% BSA in PBS for 1 h, and stained with primary
antibodies against ADP-ribosylation factor-like protein 13B (ARL13B; 1:200;
17711-1-AP, Proteintech, Rosemont, IL, USA) or acetylated α-tubulin (1:300;

T6793, Sigma-Aldrich, St. Louis, MO, USA) at 4 °C overnight. To stain the
basal body of primary cilia, cells were incubated with anti–γ-tubulin
antibody (1:300; T66557, Sigma-Aldrich) at 4 °C overnight. To evaluate the
presence of insulin-related signaling proteins at the primary cilium cells
were stained with primary antibodies against phospho-Insulin Receptor
(phospho Tyr1361; 1:200; ab60946, Abcam, UK) and phospho-AKT (Ser473;
9271, Cell Signaling Technology, Danvers, Massachusetts, USA), at 4 °C
overnight, followed by conjugation with its secondary antibody (Alexa
Fluor, Life Technologies), for 1 h at room temperature. Nuclei were
counterstained with Hoechst 33342 (10 mg/ml) (Molecular Probes, Eugene,
OR, USA). Confocal fluorescence microscopy assessments were performed
using an LSM 880 Zeiss inverted confocal microscope with Airyscan
detection and Nikon Ti-E C2si microscope (Unidad de Microscopía
Avanzada UC (UMA UC); Oberkochen, Germany). Contrast and/or bright-
ness adjustment and cropping of final images were done using ImageJ,
with identical settings applied to all images from the same experiment.

Primary cilium analysis in tissues
Images were obtained using a Zeiss LSM 880 inverted confocal microscope
with Airyscan detection (UMA UC), using a 40x objective with 1.2 NA (pixel
size 0.08 µm). A total of 15 z-stack (0.14 µm/slice) images were taken for
each treatment (Chow and HFD) in 3 different channels: primary cilia
(568 nm), POMC-eGFP cells (488 nm), and cell nuclei (405 nm). Image
automated and curated segmentation of cell and primary cilia were
performed using Morphometry software written in IDL (ITT Visual
Information Solutions), freely available in the GitHub repository (https://
github.com/KanchanawongLab/Morphometry). Initial image thresholding
of all images was followed by generation of binary masks for primary cilia,
indicated as regions of interest (ROIs), area of POMC-eGFP cells, and total
cell area. Primary cilia associated with POMC cells were determined by
superposition of the corresponding binary masks, and ROIs within each
cell’s area were selected for further analysis. For the selection of primary
cilia in the z-stack images, the binary masks were used for selection of the
ROIs (Supplementary Figs. 1 and 2 and Supplementary Videos 1 and 2).
Quantification of 3D cilia length, volume, surface, and cilia bending index
were performed using ImageJ’s plugin CiliaQ (CiliaQ-0.1.4, CiliaQ,
Editor_JNH-0.0.3, and CiliaQ Preparator_JNH-0.1.1). All signals that inter-
sected with the limit of any axis were excluded as well as all measured
signals that had a length less than 0.68 µm or a volume <0.6 µm3.

Primary cilium analysis in cells
The percentage of cells with primary cilia was evaluated by counting the
number of ciliated cells versus their total number. Approximately 100–150
cells per sample from three different experiments were analyzed; each
sample was visualized in duplicate. Cilia images were taken by z-stacking
using a confocal microscope, reconstructed in 3D projections, and
analyzed with ImageJ to determine primary cilium length as described
by Dummer et al. [76].

Primary culture of hypothalamic neurons
Primary cultures of hypothalamic neurons were prepared from E18
embryos from pregnant Sprague-Dawley rats. Embryos were euthanized
by decapitation, and the hypothalami were dissected free of extraem-
bryonic membranes using a magnifying glass. Then the hypothalami were
digested using trypsin-EDTA in HBSS (10 min, 37 °C). Tissues were washed
and dissociated using high-glucose Dulbecco’s modified Eagle’s medium

Fig. 5 Increase in the percentage of ciliated cells promotes insulin signaling. A Representative blots of N43/5 cells transfected with siRNA
against MAP4 showing MAP4 protein level in control condition (Mock) and following siRNA-mediated downregulation (siMAP4), and the
respective quantification. β-actin was used as loading control. B Percentage of ciliated cells in N43/5 hypothalamic cells depleted of MAP4.
C Cilia length of N43/5 cells in mock conditions or following MAP4 siRNA mediated downregulation. D Representative blots of N43/5
hypothalamic cells transfected with siRNA against MAP4 followed by insulin (1 nM) or PBS (control) treatment for 12 min to evaluate AKT
phosphorylation (D), with their respective quantifications (E). F Representative confocal images of N43/5 cells transfected with siRNA against
MAP4 and then exposed to BSA (vehicle) or 100 µM palmitic acid (PA) for 2 h. After fixation, cells were stained against ARL13B (ADP-
ribosylation factor-like protein 13B, cilia axoneme) and γ-tubulin (cilia basal body). Arrowheads indicate the primary cilium. Scale bar: 10 µm.
Quantification of the percentage of ciliated cells (G) and cilia length (H) of N43/5 cells exposed to the treatments indicated in
F. I Representative blots of N43/5 cells transfected with siRNA against MAP4 followed by BSA or PA (100 µM) treatment for 2 h and then
stimulated with insulin (1 nM) during 12min, to evaluate AKT phosphorylation, with the respective quantification (J). Data are presented as
mean ± SEM. Comparisons between two conditions were made using the unpaired two-tailed Student t-test. Two-way ANOVA was used for
comparison of more than 2 groups, followed by Sidak’s post hoc adjustment. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, not
significant. n= 3.

Fig. 6 Primary cilium loss induced by palmitic acid or autophagy
impairment reduces insulin sensitivity. Our results indicate that
conditions which impair autophagy, such as PA exposure or
chemical and genetic inhibition of autophagy, obtained by
treatment with the autophagy inhibitor Bafilomycin A1 or Chlor-
oquine or downregulation of essential autophagy genes, causes cilia
loss in hypothalamic neuronal cells. We also show that proteins
required for insulin signaling (IR and AKT) localize at the primary
cilium, promoting insulin sensitivity. Consistently, conditions that
cause cilia loss impair insulin signaling in hypothalamic neurons. p-
IR: phosphorylated insulin receptor; p-AKT: phosphorylated protein
kinase B (also known as AKT). Figure created with BioRender.com.
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(HG-DMEM; D2902, Sigma-Aldrich) supplemented with horse serum
(adhesion medium) by pipetting with a Pasteur pipet. The resulting cell
suspension was sifted using two cell strainers (70 and 40 μm). Then the
cells were seeded on poly-L-lysine-covered vessels. After a 2-h incubation
in the adhesion medium, the media was changed to neurobasal medium
(21103049, Gibco, USA) supplemented with B27 (17504044, Gibco),
L-glutamine (SH30034.01, Hyclone, Logan, Utah, USA) and penicillin/
streptomycin (15140122, Gibco). Half of the medium was changed after
three days, followed by a complete medium change every 3 days until day
in vitro (DIV) 10. From DIV2, 3 µM AraC (C6645, Sigma-Aldrich) was added
to cultured hypothalamic cells, to inhibit uncontrolled proliferation of non-
neuronal cells [77].

Cell line culture and treatments
N43/5 cells (Cellutions Biosystems, Canada) were cultured in high glucose
Dulbecco’s modified Eagle medium (HG-DMEM) (11995-040, Gibco)
supplemented with 10% fetal bovine serum (FBS) (10437028, Gibco),
100 U/ml penicillin-streptomycin (15140122, Gibco) and maintained at
37 °C with 5% CO2. Cells were routinely tested using EZ-PCR™ Mycoplasma
Detection Kit (20-700-20, Biological Industries, Israel). Changes in the
percentage of ciliated cells and in cilia length after exposure to different
fatty acids were evaluated. To this end, cells were incubated with HG-
DMEM supplemented with 2% FBS 24 h before treatments. Then cells were
exposed to 100 μM PA (P0500, Sigma-Aldrich), 100 μM SA (stearic acid) or
100 μM ALA (α-linolenic acid) (Sigma-Aldrich) conjugated to fatty acid-free
bovine serum albumin (BSA) (152401, MP Biomedicals, Santa Ana, CA,
USA). The concentration of PA and SA has been determined based on a
lipidomic analysis that assessed the amount of different fatty acids in the
brain of male mice following feeding with and HFD for 16 weeks [7, 78], as
such it mimics the amount of PA or SA in the brain of a long-term diet-
induced obese mouse. BSA treatment was used as control.
In order to assess the changes in primary cilia after the inhibition of

autophagy, cells were treated with Bafilomycin A1 (BafA1; B1793, Sigma-
Aldrich) or CQ (C6628, Sigma-Aldrich) at concentrations of 100 nM and
30 μM, respectively. DMSO (BM-0660, Winkler) and PBS were used as
controls for BafA1 and CQ, respectively.
To determine the effect of the knockdown of ciliary genes on insulin

signaling in N43/5 cells, cells were silenced and serum-starved overnight in
DMEM/F-12 medium (11330-32, Gibco), 16 h prior to treatments. Then, cells
were co-treated with insulin (1 nM, Humulin R, human insulin, Lilly and
Company, USA) for 3 min to evaluate IR phosphorylation or for 12min to
evaluate AKT phosphorylation [31]. PBS was used as control.

siRNA transfection
Cells were cultured in six-well plates and transfected at 50% confluence
with siRNAs targeting murine Beclin 1 (Becn1) (SASI_Mm01_00048143,
Sigma-Aldrich), murine FAK family kinase-interacting protein of 200 kD
(Fip200) (SASI_Mm01_00196359, Sigma-Aldrich), murine kinesin family
member 3A (Kif3a) (SASI_Mm01_00024254, Sigma-Aldrich), murine intra-
flagellar transport protein 88 homolog (Ift88) (SASI_Mm01_00151435,
Sigma-Aldrich), or murine microtubule associated protein 4 (Map4)
(SASI_Mm01_00207888). Transfection was performed using Lipofectamine
RNAiMAX Transfection Reagent (Invitrogen), according to the manufac-
turer’s instructions. Control cells were incubated with Lipofectamine
RNAiMAX Transfection Reagent only. 48 h after siRNA transfection, cells
were treated as indicated or directly lysed for protein or RNA extraction.

Western Blot
Cells were lysed in RIPA buffer, and 30–40 μg of denatured proteins from
each sample were resolved in 10% SDS-PAGE. Gels were transferred to
nitrocellulose membranes and incubated with 5% BSA (BM-0150, Winkler)-
tris buffered saline-0.1% Tween-20 (TBS-T) to block nonspecific binding.
Membranes were incubated with the primary antibodies against ARL13B
(17711-1-AP, Proteintech, IL, USA), BECN1 (H-300; sc-11427, Santa Cruz
Biotechnology, Inc., Dallas, Texas, USA), FIP200 (17250-1-AP, Proteintech),
anti-p-AKT (Ser473) (9271, Cell Signaling Technology), AKT (9272, Cell
Signaling Technology), pIR (phospho Tyr1361; ab60946, Abcam), IR (sc-
81465, Santa Cruz Biotechnology, Inc.), KIF3A (K3513, Sigma-Aldrich), IFT88
(13967-1-AP, Proteintech), and MAP4 (SAB1402840, Sigma-Aldrich), at
dilution of 1:1000 in 5% BSA-TBS-T overnight on a rocking platform at 4 °C.
Then, membranes were washed 3 times in TBS-T and revealed with the
appropriate horseradish peroxidase-labeled secondary antibody (Goat
Anti-Mouse IgG (H+ L)-HRP Conjugate, 1706516; Goat Anti-Rabbit IgG

(H+ L)-HRP Conjugate, 1706515; Bio-Rad, CA, USA) and the chemilumi-
nescent substrate. β-actin (1:10,000; A1978, Sigma-Aldrich) and β-tubulin
(1:500; sc-5274, Santa Cruz Biotechnology, Inc.) were used as loading
controls.

2-NBDG Uptake
To assess the insulin-dependent glucose uptake in N43/5 cells, cells were
stimulated with insulin 1 nM for 30min and incubated with the fluorescent
analog of glucose 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-il) amino)-2-deox-
yglucose (2-NBDG, 300mM) for 15min at 37 °C as previously described
[79]. Cells were transferred to an inverted Nikon Ti Eclipse microscope
equipped with 40x oil objective [numerical aperture, N.A. 1.3]. A xenon
lamp was coupled to the monochromator device (Cairn Research Ltd,
Faversham, UK). Digital images were acquired by means of a cooled CCD
camera (Hamamatsu ORCA 03, Japan). Images were quantified by ImageJ
software (NIH, Bethesda, MD, USA).

Statistical analysis
Results obtained are shown as a mean ± SEM for at least 3 independent
experiments. Statistical analyses were performed with GraphPad Prism
software (GraphPad Software Inc., San Diego, California, USA). Comparisons
between two conditions were made using the unpaired two-tailed Student
t-test. One- or two-way ANOVA was used for comparison of more than 2
groups as appropriate, followed by post hoc adjustment. P < 0.05 is
considered to be statistically significant.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

DATA AVAILABILITY
Data included in the paper are available from the corresponding author upon
request.
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