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Abstract

Caveolin‐1 (Cav‐1) is an integral membrane protein present in all organelles,

responsible for regulating and integrating multiple signals as a platform. Mitochon-

dria are extremely adaptable to external cues in chronic liver diseases, and

expression of Cav‐1 may affect mitochondrial flexibility in hepatic stellate cells

(HSCs) activation. We previously demonstrated that exogenous expression of Cav‐1

was sufficient to increase some classical markers of activation in HSCs. Here, we

aimed to evaluate the influence of exogenous expression and knockdown of Cav‐1

on regulating the mitochondrial plasticity, metabolism, endoplasmic reticulum (ER)‐

mitochondria distance, and lysosomal activity in HSCs. To characterize the

mitochondrial, lysosomal morphology, and ER‐mitochondria distance, we perform

transmission electron microscope analysis. We accessed mitochondria and lysosomal

networks and functions through a confocal microscope and flow cytometry. The

expression of mitochondrial machinery fusion/fission genes was examined by real‐

time polymerase chain reaction. Total and mitochondrial cholesterol content was

measured using Amplex Red. To define energy metabolism, we used the Oroboros

system in the cells. We report that GRX cells with exogenous expression or

knockdown of Cav‐1 changed mitochondrial morphometric parameters, OXPHOS
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metabolism, ER‐mitochondria distance, lysosomal activity, and may change the

activation state of HSC. This study highlights that Cav‐1 may modulate

mitochondrial function and structural reorganization in HSC activation, being a

potential candidate marker for chronic liver diseases and a molecular target for

therapeutic intervention.

K E YWORD S

caveolin‐1, hepatic stellate cell, liver fibrosis, lysosomal activity, mitochondrial cholesterol,
mitochondrial plasticity

1 | INTRODUCTION

Chronic liver diseases account for 2 million deaths per year

worldwide (Asrani et al., 2019). Regardless of the etiology of liver

injury, the increased extracellular matrix (ECM) deposition by

activated hepatic stellate cells (HSCs) is a common pathophysiological

mechanism designating cells to fibrosis. Conceptually, the activation

of HSCs is characterized by the transdifferentiation of quiescent,

vitamin‐A‐storing cells into proliferative fibrogenic myofibroblasts

(Singh et al., 2016). A variety of mechanisms mediate the HSCs

pathway to activated states including a high requirement of energy,

oxidative stress, endoplasmic reticulum (ER) stress, inflammation,

apoptosis, and expression of proteins such as type I collagen and

α‐smooth muscle actin (α‐SMA) (Trivedi et al., 2021; Tsuchida &

Friedman, 2017). These mechanisms are tightly influenced by

mitochondrial dysfunction due to a loss of mitochondrial flexibility

(Longo et al., 2021).

Caveolin‐1 (Cav‐1) is an integral membrane protein of 22 kD

(Parton & del Pozo, 2013) that exerts a critical role for interorganelle

communication like ER and mitochondria (Fridolfsson et al., 2014).

For instance, cholesterol is incorporated into the mitochondria

membranes through specialized extensions of ER enriched in Cav‐1,

named mitochondrial‐associated membranes (MAM) (Sala‐Vila

et al., 2016). Also, cholesterol and Cav‐1 can regulate the

mitochondrial dynamics (rate of fission and fusion) (Tilokani

et al., 2018), and the lysosomal activity (Martin et al., 2016; Silva

et al., 2020). Genetic ablation of Cav‐1 has been shown to increase

the cholesterol content and to reduce mitochondrial respiration in

hepatocytes and mouse embryonic fibroblasts (MEFs) (Fernandez‐

Rojo & Ramm, 2016). It is known that reduced coupling between

oxygen consumption and ATP synthesis leads to increased produc-

tion of reactive oxygen species, apoptosis, and energy defects, which

are signals that impact HSCs activation (Pesta & Gnaiger, 2012;

Trivedi et al., 2021). In vitro studies with human and rat HSCs showed

a mitochondrial bioenergetic signature that distinguishes activated

HSCs from quiescent and less‐active HSCs (Gajendiran et al., 2018;

Smith‐Cortinez et al., 2020). Moreover, Cav‐1 null MEFs displayed

mitochondrial bioenergetic defects (Volonte et al., 2016) and

premature senescence (Yu et al., 2017). Finally, Cav‐1 expression is

increased in both sinusoidal endothelial cells and HSC of cirrhotic

livers, showing the relevance of this protein in the development of

chronic liver diseases (Yokomori et al., 2019, 2002).

In recent work, we developed a new HSC model by inducing

exogenous expression of Cav‐1 in the GRX cell line, named GRXEGFP‐

Cav1. This GRX cell line (Borojevic et al., 1985) is a relevant model to

study the cellular mechanism of liver fibrosis once it can display an

HSC quiescent‐like phenotype (Bitencourt et al., 2012; de Mesquita

et al., 2013; Elias et al., 2019; Margis et al., 1992) or HSC activated‐

like phenotype which is dependent on the environmental challenges

(Guimaraes et al., 2006). We showed that exogenous expression of

Cav‐1 was sufficient to induce classical parameters of activation,

which highlights the potential role of Cav‐1 as a molecular effector of

HSC transdifferentiation (Ilha et al., 2019). However, there are still

gaps to fill regarding whether the expression of Cav‐1 interplay with

parameters associated with the mitochondrial bioenergetic and

dynamics and interorganelle communication, here namely as mito-

chondrial plasticity.

In light of these considerations, we hypothesized that Cav‐1 can

regulate the mitochondrial bioenergetics and dynamics, and inter-

organelle communication in HSCs activation.

2 | MATERIALS AND METHODS

2.1 | Cell culture

The GRX cell line was established by Borojevic et al. (1985) and was

kindly provided by the Cell Bank of Rio de Janeiro (HUCFF, UFRJ).

Cells were routinely maintained in Dulbecco's modified Eagle's

medium (Invitrogen) supplemented with 5% fetal bovine serum and

2 g/L HEPES buffer, gentamicin 50 μg/ml, fungizone 250 μg/ml, pH

7.4, at 37°C and 5% CO2.

2.2 | Induction of Cav‐1 knockdown

The GRXEGFP‐Cav1 cell line which constitutively overexpresses 83%

more Cav‐1 protein and GRXEGFPpCineo, which contain the enhanced

green fluorescence protein (EGFP) control used in this study were

previously established by our group (Ilha et al., 2019).
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Short hairpin RNA (shRNA) lentiviral vectors pLKO.1‐NEO‐CMV‐

TurboGFP™shCav1 were used to silence CAV‐1 with the lentiviral

transduction particles from the Mission shRNA library from Sigma‐

Aldrich (clone NM_007616.2‐487s1c1). Mission shRNA nontarget

(Sigma Aldrich; pLKO.1‐neo‐CMV‐tGFP) was used as a nonsilencing

control. GRXGFPshCav1 and GRXGFPNT cells were generated by

lentiviral infection and silenced cells were selected with G‐418

(Sigma‐Aldrich; G8168) (1000 μg/ml) to generate stable shRNA‐

expressing pools, as previously described (Thome et al., 2016).

2.3 | Ultrastructural analysis through transmission
electron microscopy

2.3.1 | Cell preparation

Cells were fixed in 4% paraformaldehyde plus 2.5% glutaraldehyde in

0.1M phosphate‐buffer solution (PBS). Afterward, the samples were

fixed in 1% osmium tetroxide solution (Sigma Aldrich), gradually

dehydrated in acetone (Merck), and soaked in epon resin. Ultrafine

cuts were obtained and counterstained with 1% uranyl acetate

(Merck) and with 1% lead citrate (Merck). Ultrastructural imaging was

obtained by transmission electron microscopy (TEM; JEM 1200 EXII;

Jeol) at an 80‐kV acceleration voltage (Ilha et al., 2019).

2.3.2 | Measurement of mitochondrial area (Â),
shape Z, mitochondrial density, and ER‐mitochondria
distance

Mitochondrial area (Â), shape Z, mitochondrial density, and

ER‐mitochondria distance were measured in randomly selected fields

of 15 images with 1 μm to 30k magnification as previously described

(Lima et al., 2018). The mitochondrial area (Â) and perimeter (P) were

measured by delineating mitochondria. The shape coefficient Z was

used to quantify the mitochondrial elongation, using the following

equation: Shape Z = P/√Â. Low shape Z values indicate more rounded

mitochondria, while high values indicate more elongated mitochon-

dria. The electron density of mitochondria was evaluated by

measuring the grayscale of 8‐bits images (255 shades of gray).

According to this method, 0 = is equivalent to absolute black and

255 = is equivalent to absolute white. The real distance between ER

and outer mitochondrial membrane (OMM) was selected within

10–30 nm from ER and manually traced and quantified (images with

0.2 μm to 75k) by two blind researchers (Sala‐Vila et al., 2016). All the

analyses were performed using the ImageJ software (NIH).

2.3.3 | Visualization of Cav‐1 through immunogold
labeling

Samples were prepared as previously described (Wang et al., 2015).

Then, samples were incubated with primary antibody against Cav‐1

(2:500, sc53564; Santa Cruz) and incubated with secondary antibody

anti‐mouse conjugated to a gold particle of 9 nm (2:50, G7652‐4ml;

Sigma‐Aldrich). Grids containing ultrathin sections were also analyzed

after omitting the primary antibodies to test for the nonspecific

reaction of the secondary colloidal‐gold conjugated antibody.

2.4 | Laser‐scanning confocal microscopy analysis

2.4.1 | Evaluation of mitochondrial network and
lysosomal content

The mitochondrial networks and lysosomal content were evaluated

through staining live cells with Mitotracker® Red (Invitrogen

Carlsbad) and Lysotracker Red DND 99 (LYRS) (Invitrogen) and were

cultured in appropriate glass‐bottom culture plates (CELL view Glass

bottom plates; Greiner Bio‐One). Images were collected using

Olympus FV1000 laser‐scanning confocal microscopy at 37°C with

humidified 5% CO2 air. Ten single confocal sections of 0.7 μM were

taken parallel to the coverslip (xy sections) with an ×60 (numeric

aperture 1.35) oil‐immersion objective (Olympus; U plan‐super

apochromat, UPLSAPO60XO). For each sample, images of six fields

were acquired and processed with Olympus FluoView FV1000

software. For LYSR, cell fluorescence intensity was analyzed using

ImageJ (NIH; Ilha et al., 2019).

2.4.2 | Measurement of Cav‐1 protein through
immunocytochemistry

For immunofluorescence labeling, cells were fixed with 4% para-

formaldehyde before incubation with the primary antibody Cav‐1

(1:500; sc53564; Santa Cruz Biotechnology). Sequentially, cells were

incubated with the secondary antibody Alexa Fluor 555 (1:1000;

Invitrogen). All images were acquired in the Olympus FV1000 laser‐

scanning confocal microscope as previously described. All experi-

ments were performed at least four times for each sample. Images

from six random fields were acquired, and cell fluorescence intensity

was analyzed using ImageJ (NIH; Meira Martins et al., 2014).

2.5 | Measurement of total and mitochondrial
cholesterol from isolated mitochondria

To access the total and mitochondrial cholesterol from isolated

mitochondria, cells were seeded in six‐well plates (15 × 104 cells/

cm²). After, cells were scratched in PBS and transferred to a

precooled glass Potter homogenizer with lysis buffer (10 mM TRIS‐

HCL, 0.25M sucrose, 20mM NaF, 1 mM dithiothreitol, 5 mM

ethylenediaminetetraacetic acid, and protease inhibitor). Cells were

homogenized with 7min strokes at medium speed and centrifuged

for 5 min at 100g, 4°C. Next, the supernatant was centrifuged at 4°C

for 15min at 10,000g. Then, the supernatant was stored (cytosolic
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fraction), while the mitochondrial pellet was resuspended in lysis

buffer for cholesterol quantification (Amoedo et al., 2011). Mito-

chondrial and total cholesterol were measured using the Amplex Red

Cholesterol Assay Kit (Invitrogen) following the manufacturer's

instructions.

2.6 | Measurement of gene expression through a
quantitative real‐time polymerase chain reaction

Total RNA from 106 cells was extracted using TRIzol reagent

(Invitrogen) and was reverse‐transcribed with SuperScript‐II (Invitro-

gen). RNA expression levels were quantified by measuring the SYBR

Green on Step One Plus real‐time cycler (Applied‐Biosystems). The

geNorm software was used to indicate the most stable gene

(Vandesompele et al., 2002). In this analysis, mitofusin 1 (MFN1)

presents the most stable gene and was used as a constitutive gene.

Samples were then analyzed using the CΔΔ t method (Schmittgen &

Livak, 2008). Gene sequence information was collected from free‐

internet databases (www.ensembl.org and https://www.ncbi.nlm.nih.

gov/refseq/) and used to design specific primers in (Table 1) using

freely available software from Integrated DNA Technologies (www.

idtdna.com) (Grun et al., 2018).

2.7 | Flow cytometry

Mitochondrial function and lysosomal content were evaluated

through staining cells with Mitotracker® Red (Invitrogen) and

LYSR (Invitrogen), respectively. Briefly, cells were cultured in

12‐well plates, trypsinized, and incubated for 30 min with

Mitotracker® Red or LYRS, following the manufacturer's instruc-

tion. All data (10,000 events) were acquired with a FACS

cytometry system (FACS Calibur; BD Bioscience) controlled by

Cell Quest software (BD Bioscience), then analyzed using FCS

Express 4 Software (De Novo Software).

2.8 | Measurement of cellular oxygen consumption
through high‐resolution respirometry

Cellular oxygen consumption was measured by high‐resolution

respirometry (HRR) in the Oroboros Oxygraph‐2k in standard

configuration, with 2ml final volume on both chambers, at 37°C,

and 750 rpm stirrer speed. For all experiments, 0.8 million cells were

used per chamber and the data was acquired in pmol of O2 per

second per number of cells. The software DatLab 4 (Oroboros

Instruments®, Innsbruck, Austria) was used for data acquisition. The

protocol used consisted of the application of oligomycin (Sigma®),

carbonyl cyanide‐4‐(trifluoromethoxy) phenylhydrazone (Sigma®),

rotenone (Sigma®), and antimycin A (Sigma®) (Pesta & Gnaiger, 2012).

The bioenergetic health index (BHI) was calculated accordingly

(Chacko et al., 2014).

2.9 | Statistical analysis

Samples were tested for normality using D'Agostino and Pearson

tests. Data were obtained at least from three biological replicates

and submitted to one‐way analysis of variance followed by

Bonferroni's post hoc test. Statistical significance was accepted

at p ≤ .05. Data are expressed as means ± standard deviations, as

well as the number of experiments performed, and are indicated

in each figure. All analyses were performed using the statistical

software GraphPad Prism 6 for Windows (GraphPad Software

Inc., version 6).

TABLE 1 Primers sequences for real‐
time q‐PCR analyses of different genes

Gene Primer sequence GenBank reference Amplicon

Cav‐1 F‐5′GCACACCAAGGAGATTGACC3′ NM 001243064 180 bp

R‐5′GACAACAAGCGGTAAAACCAA3′

DRP1 F‐5′TCAATAAGCTGCAGGACGTC3′ NM 001276340.1 197 bp

R‐5′TTCTGGTGAAACCTGGACTAG3′

RnR2 F‐5′AGCTATTAATGGTTCGTTTGT3′ MGI 102492 130 bp

R‐5′AGGTGGCTCTATTTCTCTTGT3′

MFN1 F‐5′GGTGGAAATACAGGGCTACAG3′ NM 024200.4 183 bp

R‐5′ACACTCAGGAAGCAGTTGG3′

OPA1 F‐5′ACGACAAAGGCATCCACC3′ NM 001199177.1 177 bp

R‐5′GAGCAATCATTTCCAGCACAC3′

αSMA F‐5′CTTCGCTGGTGATGATGCTC3′ NM 007392.3 167 bp

R‐5′TGATGCCGTGTTCTATCGGA3′

Abbreviation: q‐PCR, quantitative polymerase chain reaction.
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3 | RESULTS

3.1 | Cav‐1 expression was successful knocked
down in GRX

Previously we established the GRXEGFP‐Cav1 cell line that constitu-

tively expresses more than 83% Cav‐1 protein than GRX cells (Ilha

et al., 2019). Here, we show that this increase in protein expression is

related to the 150% more Cav‐1 messenger RNA (mRNA; Supporting

Information: Figure S1A). Now, we stably knocked down the

expression of Cav‐1. This new cell line led to a reduction of 64%

Cav‐1 mRNA in GRXGFPshCav1 when compared with the endogenous

level (GRX) (Supporting Information: Figure S1A). To confirm that the

expression of green fluorescent proteins in GRXGFPNT and GRXEGFPp-

Cineo was not altering the α‐SMA expression, a marker of HSC

activation, we checked it by real‐time polymerase chain reaction (RT‐

PCR; Supporting Information: Figure S1B). Indeed, no difference was

found in the intensity of fluorescence of Cav‐1 protein content in

GRXGFPNT and GRXEGFPpCineo when compared with GRX. However,

GRXGFPshCav1 showed a significant decrease, corroborating also with

the decrease of Cav‐1 mRNA expression (Supporting Information:

Figure S1C,D). Altogether, the GRXGFPshCav1 model presented a

successful knocked down of Cav‐1 expression.

3.2 | Cav‐1 changes the mitochondrial
morphology, ER shape, and ER‐OMM distance

To investigate the role of Cav‐1 expression on morphological changes

in mitochondria, we focused on measuring key parameters of

mitochondrial morphology at the ultrastructural level. GRXEGFP‐Cav1

cells presented mitochondria with a rounded shape, enlarged

morphology, and clear but irregular crests (M*) (Figure 1a, insert 3).

Another notable ultrastructural difference between GRXEGFP‐Cav1 and

GRXGFPshCav1 cells was the ER morphology and its physical interac-

tion/proximity with the OMM (Figure 1a, inserts a–c and Figure 1e)

(Sala‐Vila et al., 2016). ER in GRXEGFP‐Cav1 appears to have a larger

lumen (Figure 1a, insert 3, yellow arrows), and the physical ER‐OMM

interaction is reduced (Figure 1a, insert c, red double edge arrows).

On the other hand, ER in GRXGFPshCav1 is arranged in thin tubules

(Figure 1a, insert 2, yellow arrows), and the physical ER‐OMM

interaction seems to be higher (Figure 1a, insert b and Figure 1e, red

double‐edge arrows).

Through morphometric analysis, we found that GRXEGFP‐Cav1

cells showed an increased mitochondrial area while GRXGFPshCav1

cells presented a decreased mitochondrial area (Figure 1b). The

decrease in the Shape Z value in GRXEGFP‐Cav1 and GRXGFPshCav1

revealed that both cells presented more rounded mitochondria than

GRX cells (Figure 1a, inserts 1–3, and Figure 1c). However, no

difference was found in the electron density of mitochondria

(Figure 1d), thereby indicating no changes in mitochondrial crest

density. Through the Immunogold technique, we confirm the

presence of Cav‐1 in the plasm membrane and observed labeled

Cav‐1 in mitochondria, ER, MAM, and nuclear membrane of GRX and

GRXEGFP‐Cav1 (see arrows in Supporting Information: Figure S2).

3.3 | Cav‐1 alters the mitochondrial dynamics and
cholesterol content

Next, we labeled living cells with MitoTracker® Red for examining

them by confocal microscopy and flow cytometry, intending to

check if there were alterations in the mitochondrial dynamics and

function (Figure 2a,d). GRX mainly presented a perinuclear

mitochondrial network with punctual morphology (Figure 2a,

insert ii, white arrows). However, GRXEGFP‐Cav1 cells mainly

displayed larger and rounder mitochondria that also extend to

the peripheral zone of the cell cytoplasm that forms a ring‐shaped

mitochondria network (Figure 2a, insert ii, pink arrows). On the

other hand, GRXGFPshCav1 cells presented thin mitochondrial

tubules and individual dots that extend to the peripheral zone

of the cell cytoplasm (Figure 2a, insert ii, yellow arrows). The high

expression of Cav‐1 induced an increase in the mitochondrial

cholesterol content (Figure 2b); nonetheless, it did not affect the

cellular total cholesterol content (Figure 2c), nor the potentially

mitochondrial function through measuring the fluorescence

intensity of Mitotracker® Red by flow cytometry (Figure 2d).

Based on the final ranking of geNorm we found that MFN1 was

the most stable gene (M = 0.563); thus, this gene was used as a

constitutive normalizer in the RT‐PCR‐based experiments. Exogen-

ous expression or knockdown of Cav‐1 led to important changes in

genes responsible for the mitochondrial fusion and fission processes.

GRXEGFP‐Cav1 cells presented a decrease in the dynamin 1 like (DRP1)

and optic atrophy protein 1 (OPA1) mRNA expression while

GRXGFPshCav1 cells showed an increase in the DRP1 mRNA expres-

sion. Furthermore, we found no changes in RNA ribosomal 2 (RnR2)

expression, which is an important gene for mitochondria biogenesis

(Figure 2e). Interestingly, through Pearson's analyses, it was revealed

that mitochondrial cholesterol content correlated significantly with

the mitochondrial area (R = 0.78; p = .0136) and perimeter (R = 0.77;

p = .015), which may indicate that there is no change in the lipid

composition of mitochondrial membranes. Also, we checked that

mitochondrial cholesterol content correlates with ER‐OMM distance

(R = 0.68; p = .045), Cav‐1, and DRP1 mRNA expression (R = 0.78;

p = .013; R = −0.74; p = .022, respectively).

3.4 | Cav‐1 modifies mitochondrial respiration

To test whether Cav‐1 expression can directly influence components

of mitochondria respiration and its physiology in HSC, we performed

the HRR experiment in the OROBOROS Oxygraph‐2k equipment

(Figure 3a–d). The blue curve demonstrates the oxygen concentra-

tion in the sealed chamber and the red curve shows the oxygen
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F IGURE 1 Caveolin‐1 (Cav‐1) changes the mitochondrial morphology, endoplasmic reticulum (ER) shape, and ER‐OMM
distance (MAM). (a) Ultrastructural analysis revealed that both exogenous expression and knockdown of Cav‐1 changed organelle
morphology: mitochondria (M), dilated mitochondria (M*), ER, dilated ER (ER*), white A: area, white P: perimeter. Red double‐edge
arrows represent the distance between the outer mitochondrion membrane (OMM) and ER membrane (MAM). Yellow arrows
show the dilated ER (GRXEGFP‐Cav1) or thin ER (GRX, GRXGFPshCav1). (b) The mitochondrial area in μm². (c) Shape Z coefficient
(shape Z = P/√Â, where P is the perimeter and Â is the area). (d) Grayscale represents mitochondrial density. (e) ER‐OMM distance in μm
by measuring the double‐edge red arrows. Data were measured by ImageJ and represented the mean ± SD from at least 15 images
(n = 3 experiments, **p < .01; ***p < .001 such as indicated by one‐way ANOVA followed Bonferroni's post hoc test.
ANOVA, analysis of variance; EGFP, enhanced green fluorescence protein; MAM, mitochondrial associated membrane;
OMM, outer mitochondrial membrane.
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consumption per million cells of GRX, GRXGFPshCav1, and GRXEGFP‐

Cav1 (Figure 3a–c). Our results demonstrated that exogenous

expression of Cav‐1 increases Basal, ATP‐linked respirations, maxi-

mum and reserve capacity, and BHI. Curiously, the knockdown of

Cav‐1 also increased the BHI in GRXGFPshCav1. Interestingly, the

proton‐leak was not affected in all groups, thus indicating that the

mitochondrial function was conserved regardless of the exogenous

expression or knockdown of Cav‐1 (Figure 3d). This result confirms

the analysis of mitochondrial function performed by Mitotracker®

Red labeling (Figure 2d).

F IGURE 2 Caveolin‐1 (Cav‐1) alters mitochondrial dynamics and cholesterol content. (a) Representative confocal images of living GRX,
GRXGFPshCav1, and GRXEGFP‐Cav1 cells showing the mitochondrial network stained by MitoTracker® Red. Images were pseudocolored in “cyan blue” using
ImageJ. Arrows in ×3 zoom images indicate white, small, and round mitochondria; yellow, more elongated mitochondria; and pink, ring‐shaped
mitochondria (n=4, at least 15 images are acquired by the group. Scale bar = 10μm). (b, c) Quantification of mitochondrial and total cholesterol was
performed by Amplex Red. The values were shown in percentage (%) relative to control (GRX). (d) MitoTracker® Red analyses were performed by flow
cytometry. (e) The mRNA expression of DRP1, OPA1, and RnR2. Graphs values are means ± SD (n=3 experiments, *p< .05; **p< .01; and ***p< .001
such as indicated by one‐way ANOVA followed by Bonferroni's post hoc test). ANOVA, analysis of variance; DRP1, dynamin 1‐like protein;
EGFP, enhanced green fluorescence protein; mRNA, messenger RNA; OPA1, optic atrophy protein 1; RnR2, RNA ribosomal 2.
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F IGURE 3 (See caption on next page)
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3.5 | Exogenous expression and knockdown of
Cav‐1 promoted features of HSC activation state

Cav‐1 coordinates the autophagic process to deliver cytoplasm

compounds to lysosomes, a process that can interfere with

mitochondrial dynamics and can drive HSC activation (Shi et al., 2015;

Tsuchida & Friedman, 2017). Then, we analyzed the activity and

network of the lysosomal compartment through flow cytometry and

confocal microscopy after staining cells with LYSR. We showed that

cells with exogenous expression of Cav‐1 presented LYSR stained

vesicles with high fluorescence through confocal microscopy

(Figure 4a,b, white arrows) and this increase in LYSR fluorescence

was quantified by flow cytometry (Figure 4c). The presence of

lysosome/phagolysosome (black P) was confirmed through TEM in

GRXEGFP‐Cav1, a feature of a more activated stage of HSC (Figure 4d).

Interestingly, the knockdown of Cav‐1 revealed a high number of

lipid droplets (white LD), a feature of a less activated stage of

HSC (Figure 4d). Moreover, Pearson's analyses also showed that

mitochondrial cholesterol correlated significantly with LYSR

(R = 0.72; p = .029).

4 | DISCUSSION

Over the years, the efficiency of mitochondrial respiration, loss of

mitochondrial plasticity, and increase of Cav‐1 expression in HSC

have been considered critical for the progression of liver fibrosis

(Longo et al., 2021; Yokomori et al., 2019, 2002). In this context,

there is still interest in understanding the overall metabolic

characteristics and energetics; when is the critical point that the

mitochondria lose the flexibility and ability to support the damage,

and how Cav‐1 has a role in the mitochondrial physiology of the HSC.

During HSC activation, the increase of ECM synthesis by ER

enlargement demands a high supply of intracellular energy. These

cells undergo important metabolic changes that may interfere with

their mitochondrial metabolism, dynamics, and organization

(Gajendiran et al., 2018). In recent work, our research group

demonstrated that exogenous expression of Cav‐1 was sufficient to

induce GRX cells, to a more activated‐like state, by enhancing some

classical markers of activation (Ilha et al., 2019). Here, we established

the knockdown of Cav‐1 in GRX cells for creating the GRXGFPshCav1

cell line, a robust tool to understand the role of Cav‐1 in HSC.

Considering our previous results, we investigate the influence of

Cav‐1 on mitochondrial bioenergetic, dynamics, and inter‐organelle

communication through modulating the mitochondrial plasticity in

HSC activation.

The first question of this study sought to determine the actual

contribution of exogenous expression or knockdown of Cav‐1 on

mitochondrial plasticity, dynamics, and respiration in HSCs activation.

Knockdown of Cav‐1 showed a smaller mitochondrial area and

perimeter, more individual dots with thin mitochondrial tubules

distributed along with the periphery of the cells, increase in DRP1

expression, similarly to less activated HSCs. However, exogenous

expression of Cav‐1 demonstrated an increase in area and perimeter,

a highly fused ring‐shaped mitochondrial network extended towards

the cell periphery, decrease in DRP1 and OPA1 expression,

equivalently with more activated HSCs (Friedman et al., 1992;

Smith‐Cortinez et al., 2020). Mitochondria morphology is connected

to its function: the fragmentation occurs in response to nutrient

excess and the mitochondrial fusion is associated with increased cell

bioenergetic demands (Leonard et al., 2015; Smith‐Cortinez

et al., 2020). ER tubules and DRP1 are recruited to mitochondria to

form wrapping around and constriction ring that drives the organelle

fragmentation (Lopez‐Crisosto et al., 2017; Martin et al., 2016). On

the other hand, OPA1 is present in the inner mitochondrial

membrane (IMM) that coordinates the fusion manner (Song

et al., 2015). Thereby, the exogenous expression or knockdown of

Cav‐1 could interfere in the fission/fusion machinery balance and

ER‐OMM distance, associated with mitochondrial architecture,

respiration, and plasticity of HSC. Interestingly, the induction of

mitochondrial OXPHOS by exogenous expression of Cav‐1 was

accompanied by extensive mitochondrial fusion, without changes in

mitochondrial biogenesis through RnR2 expression. On the other

hand, the knockdown of Cav‐1 increases the fission process, and

decreases the ER‐mitochondrial distance, without changing the

metabolic demand and mitochondrial biogenesis. These results

suggest that an increase in mitochondrial fusion or decrease of

mitochondrial fission by exogenous expression of Cav‐1 is a direct

response to the increased energetic demand during HSC activation

(Trivedi et al., 2021).

Interestingly, we observed that alterations in Cav‐1 expression

did not affect mitochondrial crest density but increased respiration

when submitted to metabolic challenges. This characteristic is a

feature of mitochondrial plasticity to adapt to the increase of

electrons flow and OXPHOS production, driving to activation of

HSCs in the early stages of liver damage (Longo et al., 2021).

F IGURE 3 Caveolin‐1 modifies mitochondrial respiration. The representative curve for the high‐resolution respirometry performed in
Oroboros Oxygraph‐2k for (a) GRX, (b) GRXGFPshCav1, and (c) GRXEGFP‐Cav1. The blue curve demonstrates the oxygen concentration in the sealed
chamber and the red curve shows the oxygen consumption per million cells. The protocol includes the sequential application of Oligomycin (final
concentration of 2 μg/ml, Oligo) followed by several times by 1 μl of 0.1 mM FCCP solution and finishing with the application of 0.5 μM
rotenone (Rot) and 2.5 μM antimycin A (AA). (d) Exogenous expression of Cav‐1 increases basal and ATP‐linked respirations, maximum and
reserve capacity, and bioenergetic health index (BHI). Knockdown of Cav‐1 increased the BHI. Proton leak was not affected in all groups. (at
least n = 3 experiments, *p < .05 and **p < .01 such as indicated by one‐way ANOVA followed by Bonferroni's post hoc test). ANOVA, analysis of
variance; FCCP, carbonyl cyanide‐4‐(trifluoromethoxy) phenylhydrazone; OCR, oxygen consumption rate.
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Oximetry analysis revealed that exogenous expression of Cav‐1 led

to an increase in mitochondrial function without causing oxidative

damage to the IMM and the electron transport chain (ETC)

complexes. Furthermore, Cav‐1 could be a pathway for plasma

membrane repair by preserving the membrane ultrastructure and

mitochondrial function (Schilling & Patel, 2016). Another possible

explanation for the increase in the parameters of mitochondria

respiration in GRXEGFP‐Cav1 is the protective mechanism of Cav‐1

signaling in the formation of supercomplexes with the ETC.

Importantly, dynamics changes in mitochondrial architecture can

promote supercomplexes assembly as a regulatory mechanism for

the bioenergetic adaptation to metabolic demand in HSC activation

(Baker et al., 2019). However, whether the Cav‐1 has some influence

on the formation of supercomplexes in mitochondrial respiration in

HSC activation is still unknown (Lobo‐Jarne & Ugalde, 2018;

Milenkovic et al., 2017). Thus, metabolic and flexibility shifts in

mitochondrial plasticity by Cav‐1 associated with HSC activation

report novel and potent targets for the treatment of liver fibrosis.

We found that exogenous expression of Cav‐1 triggered an

increase in lysosomal bioactivity, ER enlargement, and changes in

inter‐organelle communication, a mechanism that could drive HSC to

activation (Luo et al., 2018; Tsuchida & Friedman, 2017). Lysosomes

F IGURE 4 Exogenous expression and knockdown of Caveolin‐1 (Cav‐1) induce lysosomal activity and lipid droplets formation.
(a) Representative images of lysosome after staining cells with LYSR of GRX, GRXGFPshCav1, and GRXEGFP‐Cav1 cells. White arrows showed enlarged
lysosomes in GRXEGFP‐Cav1. The images were pseudocolored in “red hot” and measured (b) the intensity of fluorescence. Scale bar = 10μm. (c) Lysosomal
bioactivity was evaluated through staining cells with LYSR followed by flow cytometry (n=3 experiments, *p< .05; **p< .01 such as indicated by
one‐way ANOVA followed by Bonferroni's post hoc test). (d) Representative images of TEM of GRX, GRXGFPshCav1, and GRXEGFP‐Cav1 cells, when white L:
lysosome, white LD: lipid droplet, black P: phagolysosome. n=4 experiments at least 15 images are done which group. Scale bar = 1μm. ANOVA, analysis
of variance; EGFP, enhanced green fluorescence protein.
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are a source of lipoprotein‐derived cholesterol and form contact with

mitochondria to deliver the cholesterol to mitochondria (Silva

et al., 2020). Cav‐1 regulates the levels of mitochondrial cholesterol

by promoting cholesterol efflux from the ER through MAM structural

platform, affecting mitochondrial function, morphology, and bioener-

getic response (Fridolfsson et al., 2014; Rieusset, 2018). In these

processes, Cav‐1 moves to and from the cytoplasm surface of

lysosomes during intracellular cholesterol trafficking (Fridolfsson

et al., 2014). Additionally, we saw a correlation between the

mitochondrial cholesterol, mitochondrial area, and perimeter. These

results bring to us a notion that the increase of mitochondrial

cholesterol content accompanies the increase of mitochondrial area

and perimeter, suggesting that there is no mitochondrial dysfunction

by exogenous expression of Cav‐1. Another interesting result from

the correlations with mitochondrial cholesterol was with Cav‐1,

DRP1 expression, ER‐OMM distance, and LYSR. These results led us

to think that exogenous expression and knockdown of Cav‐1 can

modulate the mitochondrial dynamics and organization. One possible

mechanism is that exogenous expression of Cav‐1 could provide an

alternative route for mitochondrial cholesterol that enters through

the connection with lysosomes instead of ER‐mitochondria approxi-

mation (Höglinger et al., 2019). However, whether Cav‐1 influences

the transport of mitochondrial cholesterol through the lysosome

contacts in HSCs is still unknown. On the other hand, knockdown of

Cav‐1 seems to distribute the mitochondrial cholesterol majority

through MAM proximity. Also, the high presence of LDs can suggest

a profile less activated by HSCs. From a physiological perspective,

considering also our previously published results (Ilha et al., 2019),

the oxidative metabolism alterations induced by exogenous expres-

sion of Cav‐1 could be associated with cell biological changes and an

increase in mitochondrial plasticity during the HSC activation. Based

on our results, it is possible to suggest that Cav‐1 has a relevant

function in the pathophysiology of chronic liver diseases through an

important physiological role for mitochondria dynamics, lysosomes,

ER shape, and MAM during the activation process of HSC (Figure 5).

In conclusion, we observed that Cav‐1 can modulate mitochon-

drial plasticity, flexibility, and function during HSCs activation. Future

studies are required to understand the mechanistic role and how

Cav‐1 can influence mitochondrial plasticity during the process of

HSC transdifferentiation. Altogether, our findings suggest that Cav‐1

is a promising candidate for further studies aimed at identifying new

treatments for chronic liver diseases.

AUTHOR CONTRIBUTIONS

Mariana Ilha: Conceptualization, methodology, validation, data curation,

formal analysis, investigation, visualization, and writing – original draft.

Leo A. Meira Martins: Methodology, investigation, formal analysis, and

writing – review and editing. Ketlen da Silveira Moraes: Methodology

and validation. Camila K. Dias: Methodology, validation, investigation,

and writing – review and editing. Marcos P. Thomé: Methodology,

validation, and investigation. Fernanda Petry: Methodology, validation,

and investigation. Francieli Rohden: Methodology, validation, and

investigation. Radovan Borojevic: Resources. Vera M. T. Trindade:

Investigation, resources, writing – review and editing, and supervision.

Fábio Klamt: Investigation, resources, funding acquisition, writing –

review and editing, and supervision. Florência Barbé‐Tuana: Investiga-

tion, resources, writing – review and editing, and supervision. Guido

Lenz: Investigation, resources, writing – review and editing, and

supervision. Fátima C. R. Guma: Conceptualization, investigation,

resources, writing – review and editing, supervision, funding acquisition,

and project administration. All the authors studied and approved the

final manuscript.

ACKNOWLEDGMENTS

Mariana Ilha is a Postdoctoral Researcher from the University of

Eastern Finland. Fátima C. R. Guma, Guido Lenz, Leo A. Meira

Martins, Fábio Klamt, Florência Barbé‐Tuana, and Francieli Rohden

are recipients of a research fellowship from Conselho Nacional de

Desenvolvimento Científico e Tecnológico (CNPq), Brazil and/or

Coordenação de Aperfeiçoamento de Pessoal de Nível Superior

(CAPES), Brazil. The authors would like to thank CNPq and Dr. J. L.

Daniotti for the donation of pCav1EGFP plasmid and Centro de

Microscopia e Microanálise (Universidade Federal do Rio Grande do

Sul‐UFRGS, Brazil) core facility for confocal microscopy and

transmission electron microscopy. They are grateful to Dr. Luis

V. C. Portela for critical review of the manuscript before

F IGURE 5 A schematic view of mitochondrial
plasticity of HSC in exogenous expression (1) or
knockdown (2) of Caveolin‐1. Caveolin‐1
expression changes mitochondrial size, dynamics,
cholesterol content, ER‐mitochondria
interactions, and lysosomal activity in HSCs.
DRP1, dynamin 1‐like protein; ER, endoplasmic
reticulum; HSC, hepatic stellate cell;
MAM, mitochondrial associated membrane;
OPA1, optic atrophy protein 1.

ILHA ET AL. CCell ell BBiologyiology
    IInternationalnternational

| 1797

 10958355, 2022, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cbin.11876 by C

A
PE

S, W
iley O

nline L
ibrary on [20/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



submission. This study was supported by Coordenação de Aperfei-

çoamento de Pessoal de Nível Superior (CAPES‐510/2019), Minis-

tério da Ciência, Tecnologia e Inovações e Conselho Nacional de

Desenvolvimento Científico e Tecnológico (MCTI/CNPq‐423712/

2016‐0), Programa do Pesquisador Gaúcho‐Fundação de Amparo à

Pesquisa do Estado do Rio Grande do Sul (PqG/FAPERGS 1952‐

2551/13), Pró‐Reitoria de Pesquisa da Universidade Federal do Rio

Grande do Sul (PROPESQ‐UFRGS), and Ministério da Ciência,

Tecnologia e Inovações e Conselho Nacional de Desenvolvimento

Científico eTecnológico e Fundação de Amparo à Pesquisa do Estado

de São Paulo (MCTI/CNPq INCT‐TM/CAPES/FAPESP 465458/

2014‐9). Fátima C. R. Guma received a fellowship from Ministério

da Ciência, Tecnologia e Inovações e Conselho Nacional de

Desenvolvimento Científico e Tecnológico (MCTI/CNPq‐312531/

2018‐4). Fábio Klamt received a fellowship from Ministério da

Ciência, Tecnologia e Inovações e Conselho Nacional de Desenvolvi-

mento Científico e Tecnológico (MCTI/CNPq‐306439/2014‐0).

CONFLICT OF INTEREST

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

All data is available within the manuscript and in the supplementary

information.

ORCID

Mariana Ilha http://orcid.org/0000-0001-9741-8865

Fernanda Petry http://orcid.org/0000-0002-8216-410X

REFERENCES

Amoedo, N. D., Rodrigues, M. F., Pezzuto, P., Galina, A., da Costa, R. M.,

de Almeida, F. C. L., El‐Bacha, T., & Rumjanek, F. D. (2011). Energy
metabolism in H460 lung cancer cells: Effects of histone deacetylase
inhibitors. PLoS One, 6(7), e22264. https://doi.org/10.1371/journal.pone.
0022264

Asrani, S. K., Devarbhavi, H., Eaton, J., & Kamath, P. S. (2019). Burden of
liver diseases in the world. Journal of Hepatology, 70(1), 151–171.
https://doi.org/10.1016/j.jhep.2018.09.014

Baker, N., Patel, J., & Khacho, M. (2019). Linking mitochondrial dynamics,
cristae remodeling and supercomplex formation: How mitochondrial

structure can regulate bioenergetics. Mitochondrion, 49, 259–268.
https://doi.org/10.1016/j.mito.2019.06.003

Bitencourt, S., de Mesquita, F. C., Caberlon, E., da Silva, G. V.,
Basso, B. S., Ferreira, G. A., & de Oliveira, J. R. (2012). Capsaicin
induces de‐differentiation of activated hepatic stellate cell.

Biochemistry and Cell Biology, 90(6), 683–690. https://doi.org/
10.1139/o2012-026

Borojevic, R., Monteiro, A. N. A., Vinhas, S. A., Domont, G. B.,
Mourão, P. A. S., Emonard, H., Grimaldi, G., & Grimaud, J. A.
(1985). Establishment of a continuous cell line from fibrotic

schistosomal granulomas in mice livers. In Vitro Cellular and

Developmental Biology, 21(7), 382–390.
Chacko, B. K., Kramer, P. A., Ravi, S., Benavides, G. A., Mitchell, T.,

Dranka, B. P., Ferrick, D., Singal, A. K., Ballinger, S. W., Bailey, S. M.,
Hardy, R. W., Zhang, J., Zhi, D., & Darley‐Usmar, V. M. (2014). The
bioenergetic health index: A new concept in mitochondrial translational
research. Clinical Science, 127(6), 367–373. https://doi.org/10.1042/

CS20140101

de Mesquita, F. C., Bitencourt, S., Caberlon, E., da Silva, G. V., Basso, B. S.,
Schmid, J., Ferreira, G. A., dos Santos de Oliveira, F., &
de Oliveira, J. R. (2013). Fructose‐1,6‐bisphosphate induces pheno-
typic reversion of activated hepatic stellate cell. European Journal of

Pharmacology, 720(1–3), 320–325. https://doi.org/10.1016/j.ejphar.
2013.09.067

Elias, M. B., Oliveira, F. L., Guma, F. C. R., Martucci, R. B., Borojevic, R.,
& Teodoro, A. J. (2019). Lycopene inhibits hepatic stellate cell
activation and modulates cellular lipid storage and signaling.

Food & Function, 10, 1974–1984. https://doi.org/10.1039/
c8fo02369g

Fernandez‐Rojo, M. A., & Ramm, G. A. (2016). Caveolin‐1 function in liver
physiology and disease. Trends in Molecular Medicine, 22(10),
889–904. https://doi.org/10.1016/j.molmed.2016.08.007

Fridolfsson, H. N., Roth, D. M., Insel, P. A., & Patel, H. H. (2014).
Regulation of intracellular signaling and function by caveolin.
FASEB Journal, 28, 3823–3831. https://doi.org/10.1096/fj.14-
252320

Friedman, S. L., Rockey, D. C., McGuire, R. F., Maher, J. J., Boyles, J. K., &

Yamasaki, G. (1992). Isolated hepatic lipocytes and Kupffer cells
from normal human liver: Morphological and functional character-
istics in primary culture. Hepatology, 15(2), 234–243. https://doi.
org/10.1002/hep.1840150211

Gajendiran, P., Vega, L. I., Itoh, K., Sesaki, H., Vakili, M. R., Lavasanifar, A.,
Hong, K., Mezey, E., & Ganapathy‐Kanniappan, S. (2018). Elevated
mitochondrial activity distinguishes fibrogenic hepatic stellate cells
and sensitizes for selective inhibition by mitotropic doxorubicin.
Journal of Cellular and Molecular Medicine, 22(4), 2210–2219.
https://doi.org/10.1111/jcmm.13501

Grun, L. K., Teixeira, N. D. R., Jr., Mengden, L. V., de Bastiani, M. A.,
Parisi, M. M., Bortolin, R., Lavandoski, P., Pierdoná, V., Alves, L. B.,
Moreira, J. C. F., Mottin, C. C., Jones, M. H., Klamt, F., Padoin, A. V.,
Guma, F. C. R., & Barbe‐Tuana, F. M. (2018). TRF1 as a major

contributor for telomeres' shortening in the context of obesity. Free
Radical Biology and Medicine, 129, 286–295. https://doi.org/10.
1016/j.freeradbiomed.2018.09.039

Guimaraes, E. L. M., Franceschi, M. F. S., Grivicich, I., Dal‐Pizzol, F.,
Moreira, J. C. F., Guaragna, R. M., Borojevi, R., Margis, R., &

Guma, F. C. (2006). Relationship between oxidative stress levels and
activation state on a hepatic stellate cell line. Liver International,
26(4), 477–485. https://doi.org/10.1111/j.1478-3231.2006.
01245.x

Höglinger, D., Burgoyne, T., Sanchez‐Heras, E., Hartwig, P., Colaco, A.,
Newton, J., Futter, C. E., Spiegel, S., Platt, F. M., & Eden, E. R. (2019).
NPC1 regulates ER contacts with endocytic organelles to mediate
cholesterol egress. Nature Communications, 10, 4276. https://doi.
org/10.1038/s41467-019-12152-2

Ilha, M., da Silveira Moraes, K., Rohden, F., Meira Martins, L. A.,
Borojevic, R., Lenz, G., Barbé‐Tuana, F., & Guma, F. C. R. (2019).
Exogenous expression of caveolin‐1 is sufficient for hepatic stellate
cell activation. Journal of Cellular Biochemistry, 120, 19031–19043.
https://doi.org/10.1002/jcb.29226

Leonard, A. P., Cameron, R. B., Speiser, J. L., Wolf, B. J., Peterson, Y. K.,
Schnellmann, R. G., Beeson, C. C., & Rohrer, B. (2015). Quantitative
analysis of mitochondrial morphology and membrane potential in
living cells using high‐content imaging, machine learning, and
morphological binning. Biochimica et Biophysica Acta, 1853(2),

348–360. https://doi.org/10.1016/j.bbamcr.2014.11.002
Lima, K. G., Krause, G. C., da Silva, E. F. G., Xavier, L. L., Meira Martins, L. A.,

Alice, L. M., da Luz, L. B., Gassen, R. B., Filippi‐Chiela, E. C., Haute, G. V,
Garcia, M. C. R., Funchal, G. A., Pedrazza, L., Reghelin, C. K., &

de Oliveira, J. R. (2018). Octyl gallate reduces ATP levels and Ki67
expression leading HepG2 cells to cell cycle arrest and mitochondria‐
mediated apoptosis. Toxicology In Vitro, 48, 11–25. https://doi.org/10.
1016/j.tiv.2017.12.017

1798 | CCell ell BBiologyiology
    IInternationalnternational

ILHA ET AL.

 10958355, 2022, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cbin.11876 by C

A
PE

S, W
iley O

nline L
ibrary on [20/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://orcid.org/0000-0001-9741-8865
http://orcid.org/0000-0002-8216-410X
https://doi.org/10.1371/journal.pone.0022264
https://doi.org/10.1371/journal.pone.0022264
https://doi.org/10.1016/j.jhep.2018.09.014
https://doi.org/10.1016/j.mito.2019.06.003
https://doi.org/10.1139/o2012-026
https://doi.org/10.1139/o2012-026
https://doi.org/10.1042/CS20140101
https://doi.org/10.1042/CS20140101
https://doi.org/10.1016/j.ejphar.2013.09.067
https://doi.org/10.1016/j.ejphar.2013.09.067
https://doi.org/10.1039/c8fo02369g
https://doi.org/10.1039/c8fo02369g
https://doi.org/10.1016/j.molmed.2016.08.007
https://doi.org/10.1096/fj.14-252320
https://doi.org/10.1096/fj.14-252320
https://doi.org/10.1002/hep.1840150211
https://doi.org/10.1002/hep.1840150211
https://doi.org/10.1111/jcmm.13501
https://doi.org/10.1016/j.freeradbiomed.2018.09.039
https://doi.org/10.1016/j.freeradbiomed.2018.09.039
https://doi.org/10.1111/j.1478-3231.2006.01245.x
https://doi.org/10.1111/j.1478-3231.2006.01245.x
https://doi.org/10.1038/s41467-019-12152-2
https://doi.org/10.1038/s41467-019-12152-2
https://doi.org/10.1002/jcb.29226
https://doi.org/10.1016/j.bbamcr.2014.11.002
https://doi.org/10.1016/j.tiv.2017.12.017
https://doi.org/10.1016/j.tiv.2017.12.017


Lobo‐Jarne, T., & Ugalde, C. (2018). Respiratory chain supercomplexes:
Structures, function and biogenesis. Seminars in Cell and

Developmental Biology, 76, 179–190. https://doi.org/10.1016/j.
semcdb.2017.07.021

Longo, M., Meroni, M., Paolini, E., Macchi, C., & Dongiovanni, P.
(2021). Mitochondrial dynamics and nonalcoholic fatty liver
disease (NAFLD): New perspectives for a fairy‐tale ending?
Metabolism, 117, 154708. https://doi.org/10.1016/j.metabol.
2021.154708

Lopez‐Crisosto, C., Pennanen, C., Vasquez‐Trincado, C., Morales, P. E.,
Bravo‐Sagua, R., Quest, A. F. G., Chiong, M., & Lavandero, S. (2017).
Sarcoplasmic reticulum‐mitochondria communication in cardiovas-
cular pathophysiology. Nature Reviews Cardiology, 14(6), 342–360.
https://doi.org/10.1038/nrcardio.2017.23

Luo, X., Wang, D., Zhu, X., Wang, G., You, Y., Ning, Z., Li, Y., Jin, S.,
Huang, Y., Hu, Y., Chen, T., Meng, Y., & Li, X. (2018). Autophagic
degradation of caveolin‐1 promotes liver sinusoidal endothelial cells
defenestration. Cell Death & Disease, 9(5), 576. https://doi.org/10.
1038/s41419-018-0567-0

Margis, R., Pinheiro‐Margis, M., da Silva, L. C., & Borojevic, R. (1992).
Effects of retinol on proliferation, cell adherence and extracellular
matrix synthesis in a liver myofibroblast or lipocyte cell line (GRX).
International Journal of Experimental Pathology, 73(2), 125–135.
http://www.ncbi.nlm.nih.gov/pubmed/1571273

Martin, L. A., Kennedy, B. E., & Karten, B. (2016). Mitochondrial
cholesterol: Mechanisms of import and effects on mitochondrial
function. Journal of Bioenergetics and Biomembranes, 48(2), 137–151.
https://doi.org/10.1007/s10863-014-9592-6

Meira Martins, L., Vieira, M., Ilha, M., de Vasconcelos, M., Biehl, H.,
Lima, D., Schein, V., Barbé‐Tuana, F., Borojevic, R., & Guma, F. C. R.
(2014). The interplay between apoptosis, mitophagy and mitochon-
drial biogenesis induced by resveratrol can determine activated
hepatic stellate cells death or survival. Cell Biochemistry and

Biophysics, 71, 657–672. https://doi.org/10.1007/s12013-014-
0245-5

Milenkovic, D., Blaza, J. N., Larsson, N. G., & Hirst, J. (2017). The enigma of
the respiratory chain supercomplex. Cell Metabolism, 25(4),
765–776. https://doi.org/10.1016/j.cmet.2017.03.009

Parton, R. G., & del Pozo, M. A. (2013). Caveolae as plasma
membrane sensors, protectors and organizers. Nature Reviews

Molecular Cell Biology, 14(2), 98–112. https://doi.org/10.1038/
nrm3512

Pesta, D., & Gnaiger, E. (2012). High‐resolution respirometry: OXPHOS
protocols for human cells and permeabilized fibers from small
biopsies of human muscle. Methods in Molecular Biology, 810, 25–58.
https://doi.org/10.1007/978-1-61779-382-0_3

Rieusset, J. (2018). The role of endoplasmic reticulum‐mitochondria

contact sites in the control of glucose homeostasis: An update. Cell
Death & Disease, 9(3), 388. https://doi.org/10.1038/s41419-018-
0416-1

Sala‐Vila, A., Navarro‐Lerida, I., Sanchez‐Alvarez, M., Bosch, M., Calvo, C.,
Lopez, J. A., Calvo, E., Ferguson, C., Giacomello, M., Serafini, A.,

Scorrano, L., Enriquez, J. A., Balsinde, J., Parton, R. G., Vázquez, J.,
Pol, A., & Del Pozo, M. A. (2016). Interplay between hepatic
mitochondria‐associated membranes, lipid metabolism and caveolin‐
1 in mice. Scientific Reports, 6, 27351. https://doi.org/10.1038/
srep27351

Schilling, J. M., & Patel, H. H. (2016). Non‐canonical roles for caveolin in
regulation of membrane repair and mitochondria: Implications for
stress adaptation with age. Journal of Physiology, 594(16),
4581–4589. https://doi.org/10.1113/JP270591

Schmittgen, T. D., & Livak, K. J. (2008). Analyzing real‐time PCR data by
the comparative CT method. Nature Protocols, 3(6), 1101–1108.
http://www.ncbi.nlm.nih.gov/pubmed/18546601

Shi, Y., Tan, S. H., Ng, S., Zhou, J., Yang, N. D., Koo, G. B., McMahon, K.‐A.,
Parton, R. G., Hill, M. M., Del Pozo, M. A., Kim, Y.‐S., & Shen, H. M.
(2015). Critical role of CAV1/caveolin‐1 in cell stress responses in
human breast cancer cells via modulation of lysosomal function and

autophagy. Autophagy, 11(5), 769–784. https://doi.org/10.1080/
15548627.2015.1034411

Silva, B. S. C., DiGiovanni, L., Kumar, R., Carmichael, R. E., Kim, P. K., &
Schrader, M. (2020). Maintaining social contacts: The physiological
relevance of organelle interactions. Biochimica et Biophysica Acta,

Molecular Cell Research, 1867(11), 118800. https://doi.org/10.1016/
j.bbamcr.2020.118800

Singh, S., Liu, S., & Rockey, D. C. (2016). Caveolin‐1 is upregulated in
hepatic stellate cells but not sinusoidal endothelial cells after liver
injury. Tissue and Cell, 48(2), 126–132. https://doi.org/10.1016/j.
tice.2015.12.006

Smith‐Cortinez, N., van Eunen, K., Heegsma, J., Serna‐Salas, S. A.,
Sydor, S., Bechmann, L. P., Moshage, H., Bakker, B. M., &
Faber, K. N. (2020). Simultaneous induction of glycolysis and
oxidative phosphorylation during activation of hepatic stellate cells

reveals novel mitochondrial targets to treat liver fibrosis. Cells, 9(11),
2456. https://doi.org/10.3390/cells9112456

Song, M., Gong, G., Burelle, Y., Gustafsson, A. B., Kitsis, R. N.,
Matkovich, S. J., & Dorn, G. W., 2nd (2015). Interdependence of

Parkin‐Mediated mitophagy and mitochondrial fission in adult
mouse hearts. Circulation Research, 117(4), 346–351. https://doi.
org/10.1161/CIRCRESAHA.117.306859

Thome, M. P., Filippi‐Chiela, E. C., Villodre, E. S., Migliavaca, C. B.,
Onzi, G. R., Felipe, K. B., & Lenz, G. (2016). Ratiometric analysis of

Acridine Orange staining in the study of acidic organelles and
autophagy. Journal of Cell Science, 129(24), 4622–4632. https://doi.
org/10.1242/jcs.195057

Tilokani, L., Nagashima, S., Paupe, V., & Prudent, J. (2018).
Mitochondrial dynamics: Overview of molecular mechanisms.

Mitochondrial Diseases, 62(3), 341–360. https://doi.org/10.
1042/Ebc20170104

Trivedi, P., Wang, S., & Friedman, S. L. (2021). The power of
plasticity‐metabolic regulation of hepatic stellate cells. Cell

Metabolism, 33(2), 242–257. https://doi.org/10.1016/j.cmet.

2020.10.026
Tsuchida, T., & Friedman, S. L. (2017). Mechanisms of hepatic stellate cell

activation. Nature Reviews Gastroenterology & Hepatology, 14(7),
397–411. https://doi.org/10.1038/nrgastro.2017.38

Vandesompele, J., De Preter, K., Pattyn, F., Poppe, B., Van Roy, N.,
De Paepe, A., & Speleman, F. (2002). Accurate normalization of real‐
time quantitative RT‐PCR data by geometric averaging of multiple
internal control genes. Genome Biology, 3(7), 00341. https://doi.org/
10.1186/gb-2002-3-7-research0034

Volonte, D., Liu, Z., Shiva, S., & Galbiati, F. (2016). Caveolin‐1 controls
mitochondrial function through regulation of m‐AAA mitochondrial
protease. Aging, 8(10), 2355–2369. https://doi.org/10.18632/aging.
101051

Wang, R., Ding, Q., Yaqoob, U., de Assuncao, T. M., Verma, V. K.,

Hirsova, P., Cao, S., Mukhopadhyay, D., Huebert, R. C., & Shah, V. H.
(2015). Exosome adherence and internalization by hepatic stellate
cells triggers sphingosine 1‐phosphate‐dependent migration. Journal
of Biological Chemistry, 290(52), 30684–30696. https://doi.org/10.
1074/jbc.M115.671735

Yokomori, H., Ando, W., & Oda, M. (2019). Caveolin‐1 is related to lipid
droplet formation in hepatic stellate cells in human liver. Acta

Histochemica, 121(2), 113–118. https://doi.org/10.1016/j.acthis.
2018.10.008

Yokomori, H., Oda, M., Ogi, M., Sakai, K., & Ishii, H. (2002). Enhanced
expression of endothelial nitric oxide synthase and caveolin‐1 in
human cirrhosis. Liver, 22(2), 150–158.

ILHA ET AL. CCell ell BBiologyiology
    IInternationalnternational

| 1799

 10958355, 2022, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cbin.11876 by C

A
PE

S, W
iley O

nline L
ibrary on [20/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.semcdb.2017.07.021
https://doi.org/10.1016/j.semcdb.2017.07.021
https://doi.org/10.1016/j.metabol.2021.154708
https://doi.org/10.1016/j.metabol.2021.154708
https://doi.org/10.1038/nrcardio.2017.23
https://doi.org/10.1038/s41419-018-0567-0
https://doi.org/10.1038/s41419-018-0567-0
http://www.ncbi.nlm.nih.gov/pubmed/1571273
https://doi.org/10.1007/s10863-014-9592-6
https://doi.org/10.1007/s12013-014-0245-5
https://doi.org/10.1007/s12013-014-0245-5
https://doi.org/10.1016/j.cmet.2017.03.009
https://doi.org/10.1038/nrm3512
https://doi.org/10.1038/nrm3512
https://doi.org/10.1007/978-1-61779-382-0_3
https://doi.org/10.1038/s41419-018-0416-1
https://doi.org/10.1038/s41419-018-0416-1
https://doi.org/10.1038/srep27351
https://doi.org/10.1038/srep27351
https://doi.org/10.1113/JP270591
http://www.ncbi.nlm.nih.gov/pubmed/18546601
https://doi.org/10.1080/15548627.2015.1034411
https://doi.org/10.1080/15548627.2015.1034411
https://doi.org/10.1016/j.bbamcr.2020.118800
https://doi.org/10.1016/j.bbamcr.2020.118800
https://doi.org/10.1016/j.tice.2015.12.006
https://doi.org/10.1016/j.tice.2015.12.006
https://doi.org/10.3390/cells9112456
https://doi.org/10.1161/CIRCRESAHA.117.306859
https://doi.org/10.1161/CIRCRESAHA.117.306859
https://doi.org/10.1242/jcs.195057
https://doi.org/10.1242/jcs.195057
https://doi.org/10.1042/Ebc20170104
https://doi.org/10.1042/Ebc20170104
https://doi.org/10.1016/j.cmet.2020.10.026
https://doi.org/10.1016/j.cmet.2020.10.026
https://doi.org/10.1038/nrgastro.2017.38
https://doi.org/10.1186/gb-2002-3-7-research0034
https://doi.org/10.1186/gb-2002-3-7-research0034
https://doi.org/10.18632/aging.101051
https://doi.org/10.18632/aging.101051
https://doi.org/10.1074/jbc.M115.671735
https://doi.org/10.1074/jbc.M115.671735
https://doi.org/10.1016/j.acthis.2018.10.008
https://doi.org/10.1016/j.acthis.2018.10.008


Yu, D. M., Jung, S. H., An, H. T., Lee, S., Hong, J., Park, J. S., Lee, H., Lee, H.,
Bahn, M.‐S., Lee, H. C., Han, N.‐K., Ko, J., Lee, J.‐S., & Ko, Y. G.
(2017). Caveolin‐1 deficiency induces premature senescence with
mitochondrial dysfunction. Aging cell, 16(4), 773–784. https://doi.
org/10.1111/acel.12606

SUPPORTING INFORMATION

Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Ilha, M., Meira Martins, L. A., da

Silveira Moraes, K., Dias, C. K., Thomé, M. P., Petry, F.,

Rohden, F., Borojevic, R., Trindade, V. M. T., Klamt, F., Barbé‐

Tuana, F., Lenz, G., & Guma, F. C. R. (2022). Caveolin‐1

influences mitochondrial plasticity and function in hepatic

stellate cell activation. Cell Biology International, 46,

1787–1800. https://doi.org/10.1002/cbin.11876

1800 | CCell ell BBiologyiology
    IInternationalnternational

ILHA ET AL.

 10958355, 2022, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cbin.11876 by C

A
PE

S, W
iley O

nline L
ibrary on [20/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1111/acel.12606
https://doi.org/10.1111/acel.12606
https://doi.org/10.1002/cbin.11876



