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RIPK3 DAMPENS MITOCHONDRIAL BIOENERGETICS

La Caixa Foundation, Grant/Award
Number: LCF/PR/HR21/52410028

familial partial lipodystrophy. Ripk3 deficiency rescued impairment in mito-
chondrial biogenesis, bioenergetics, and function in CDAA diet—fed mice
and fat-loaded hepatocytes. Ripk3 deficiency was accompanied by a strong
upregulation of antioxidant systems, leading to diminished oxidative stress
upon fat loading both in vivo and in vitro. Strikingly, Ripk3"’" hepatocytes dis-
played smaller size LD in higher numbers than WT cells after incubation with
free fatty acids. Ripk3 deficiency upregulated adipocyte and hepatic levels of
LD-associated proteins PLIN1 and PLINS. PLIN1 upregulation controlled LD
structure and diminished mitochondrial stress upon free fatty acid overload
in Ripk3'/' hepatocytes and was associated with diminished human NAFLD
severity. Conversely, a pathogenic PLIN1 frameshift variant was associated
with NAFLD and fibrosis, as well as with increased hepatic RIPK3 levels in
familial partial lipodystrophy.

Conclusions: Ripk3 deficiency restores mitochondria bioenergetics and im-

INTRODUCTION

NAFLD is a complex multifactorial chronic liver dis-
ease that emerges as a result of intricate interactions
of several hits, including metabolic unbalances, lipotox-
icity, organelle dysfunction, and inflammation, on the
top of an eventual pernicious genetic and epigenetic
landscape, ultimately leading to hepatocellular injury
and cell death.!" Necroptosis is activated in the liver
of human and experimental NAFLD, but the therapeu-
tic relevance of targeting necroptosis is unclear.?-8
Necroptosis is an immunogenic-regulated cell-death
modality that critically relies on mixed lineage kinase
domain-like protein (MLKL) and receptor-interacting
protein kinase 3 (RIPK3) activity.””) Considering that
necroptosis ultimately results in regulated cell mem-
brane permeabilization, it is tempting to hypothesize
that lipids could be involved in the regulation and ex-
ecution of necroptotic signaling pathway. We recently
showed that Ripk3-deficient mice with NASH displayed
decreased hepatic infiltration of inflammatory cells, fi-
brosis, and preneoplastic nodules, impacting on the
hepatic lipidome, likely through upregulation of per-
oxisome proliferator-activated receptor vy (PPARy).[Q]
Particularly, Ripk3 deficiency increased lipogenesis
and hepatic lipid accumulation to buffer excessive det-
rimental lipid species but reduced very long-chain fatty
acids that are functionally implicated in plasma mem-
brane disruption during necroptosis.[g‘”]

PPARY, a ligand-activated transcription factor, plays
a broad range of biological functions, including the
control of energy metabolism as well as mitochondrial
biogenesis and function. Indeed, proliferator-activated
receptor gamma coactivator 1 alpha (PGC1a), a master

pacts LD dynamics. RIPKS inhibition is promising in ameliorating NAFLD.

regulator of mitochondria turnover and bioenergetics,
coactivates PPARYy, which in turn upregulates PGC1a
in an autoregulatory circuit.'" Thus, the protective
role of Ripk3 deletion in NASH® may also rely on an
improved metabolic balance related to the mainte-
nance of mitochondrial function. Accordingly, we have
shown that the improvement of high-fat diet—induced
experimental NASH achieved by pharmacological in-
hibition of RIPK1 is MLKL-dependent and, at least in
part, comprises a boost in mitochondrial respiration.[S]
Still, the association between necroptosis signaling
and mitochondria has been controversial. In particular,
RIPK3 increases aerobic respiration upon necroptotic
stimuli, leading to increased generation of mitochon-
drial reactive oxygen species (ROS),["*"®! which in turn
could activate RIPK1 autophosphorylation in a feed-
forward feedback loop that ensures effective and sus-
tained induction of necroptosis.“el However, the role
of ROS in necroptosis execution might be cell- and
context-dependent,m] and mitochondrial depletion
via mitophagy does not halt necroptotic cell death.l'8
Although most of these studies used relevant in vitro
systems, the pathophysiological role of RIPK3 in vivo,
which integrates bioenergetics, lipid metabolism, oxi-
dative stress, and cell death, remains unknown. Here,
we aimed to evaluate the role of RIPKS3 in the inter-
action between mitochondria and lipid metabolism in
NAFLD.

MATERIALS AND METHODS

Detailed materials and methods are included in
Supporting Information.
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Patient cohort

Samples of liver tissue were obtained from 22 indi-
viduals with risk factors for NAFLD and a patient with
familial partial lipodystrophy (FPLD) type 4 carrying a
heterozygous PLIN1 frameshift variant,""® who under-
went diagnostic liver biopsy. All subjects gave written
informed consent before taking part in this study. The
procedure was approved by the Ethics Committee of
the Pitie-Salpétriere Hospital (Paris, France), and per-
formed following the ethical guidelines of the 1975
Declaration of Helsinki.

Animals, diets, and sample collection

Seven- to eight-week-old male C57BL/6 wild-type (WT)
and Ripk3™" mice were fed a choline-deficient, amino
acid-defined (CDAA; Envigo) diet for 32 or 66 weeks
(n = 6-7 mice per experimental group)[g] with subse-
quent total RNA/protein extraction, quantitative real
time reverse transcriptase-polymerase chain reaction,
immunoblotting, and mitochondrial respiratory chain
enzymatic assays. All animal experiments were car-
ried out with the permission of the local Animal Welfare
Organ in accordance with the EU Directive (2010/63/
EU), Portuguese laws (DL 113/2013, 2880/2015,
260/2016, and 1/2019) for the use and care of animals
in research and all relevant legislation. The experimen-
tal protocol was approved by the competent national
authority, Direcdo Geral de Alimentagéo e Veterinaria,
Portugal. Animals received humane care in a tempera-
ture/humidity-controlled environment with 12 hours
light—dark cycles, complying with the Institute’s guide-
lines, and as outlined in the “Guide for the Care and
Use of Laboratory Animals” prepared by the National
Academy of Sciences and published by the National
Institutes of Health (NIH publication 86-23 revised
1985). All experiments were performed by investigators
accredited for directing animal experiments (FELASA
level C).

Cell culture

CRISPR/Cas9-mediated deletion of Ripk3 was per-
formed in AML-12 hepatocytes (LGC Standards) and
in 3T3-L1 preadipocytes (LGC Standards), followed by
cell culture and treatments and subsequent cellular ox-
ygen consumption rate (OCR) measurements, viability
assays, and cell staining.

Statistical analysis

Regular statistical analysis was performed with
GraphPad Prism 7 software (GraphPad Software, Inc.).

The Shapiro—Wilk test was used for testing the normal-
ity of data. Student's t test was applied when two groups
were analyzed. According to normality of values distri-
bution, analysis of variance followed by Tukey's multi-
ple comparison or Krustal-Wallis followed by Dunn's
multiple comparison test were performed if three or
more groups were compared. Association between
two variables was assessed by Pearson or Spearman
correlation coefficient for normally and nonnormally
distributed data, respectively. Values of p <0.05 were
considered statistically significant.

RESULTS

Ripk3 deficiency rescues mitochondrial
biogenesis and function in CDAA
diet—induced experimental NASH

We have recently shown that Ripk3 deficiency induces
PPARYy expression in the liver of mice fed a CDAA diet
or an isocaloric choline-sufficient L-amino acid-defined
(CSAA) control diet for 32 and 66weeks.”®! Because
PPARYy is coactivated by PGC1a, a master regulator of
mitochondrial biogenesis and function, we investigated
the role of Ripk3 deletion in reversing mitochondrial
dysfunction in experimental NASH. Ripk3 deficiency
reduced the severity of CDAA diet—induced experimen-
tal NASH (Figure 1A) while increasing hepatic mRNA
and protein levels of PGC1a (a significance level of at
least, p <0.05) (Figure 1B and Figure S1A) and its target
mitochondrial transcription factor A (at least, p <0.05)
(Figure 1B and Figure S1A) after mid- and long-term
CDAA feeding. CDAA diet-fed WT mice also displayed
decreased mitochondrial DNA (mtDNA) copy number
compared with CSAA diet-fed mice at both 32 and
66weeks (p <0.05), an outcome that was abrogated
by Ripk3 deficiency (p <0.05) (Figure 1C), suggesting
that the absence of Ripk3 rescued impaired mitochon-
dria biogenesis induced by the CDAA diet. Accordingly,
the activity of citrate synthase, a tricarboxylic acid cycle
enzyme that is also an indirect marker of mitochondrial
mass, tended to increase in Ripk3'/' mice compared
with WT mice, reaching statistical significance in mice
fed the CDAA diet for 32weeks and the CSAA diet for
66 weeks (p <0.01) (Figure 1C).

Then, we hypothesized that Ripk3 deficiency miti-
gates the dysfunction of mitochondrial oxidative phos-
phorylation (OXPHOS) induced by the CDAA diet.
In both WT and Ripk3”" mice, CDAA diet led to de-
creased hepatic protein content of NADH dehydroge-
nase (ubiquinone) 1b subcomplex 8 at 32 and 66 weeks
and succinate dehydrogenase (ubiquinone) iron—sulfur
subunit at 32weeks (p <0.05; Figure S1B), which are
nuclear DNA-coded subunits of mitochondria respira-
tory chain (MRC) complexes | and I, respectively. Still,
the activities of MRC complexes | and Il were restored
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FIGURE 1

Ripk3 deficiency rescues mitochondrial biogenesis, mitochondria respiratory chain (MRC) activity, and reactive oxygen

species scavenging systems in choline-deficient, amino acid-defined (CDAA) diet—induced experimental NASH. C57BL/6 wild-type (WT)
or Ripk3™" mice were fed a CDAA or an isocaloric control choline-sufficient L-amino acid-defined (CSAA) diet for 32 or 66 weeks. (A)
Representative images of hematoxylin and eosin—stained liver sections. Scale bar = 100pM. (B) gRT-PCR analysis of Pgc1a and Tfam

in mouse liver. (C) Quantification of relative mitochondrial DNA copy number assessed by qPCR analysis of mitochondria-encoded gene
mt-Co1. Nuclear Rn18s was used as loading control (top); and citrate synthase activity determined as described in Supplementary Materials
and Methods (bottom). (D) MRC activity determined as described in Supplementary Materials and Methods. (E) Immunoblotting and
densitometry of oxidative phosphorylation protein complexes in mouse liver, namely UQCRC2 (Clll), mtCO1 (CIV), and ATP5A (CV). Blots
were normalized to endogenous GAPDH. F. qRT-PCR analysis of Nrf1, Sod1, Sod2, and Sirt3 in mouse liver. Results are expressed as
mean=SEM arbitrary units or fold change of 67 individual mice. Red dashed line represents the CSAA diet-fed WT mice levels. §p <0.05
and *p <0.01 from CSAA diet-fed WT mice; Tp <0.05 and ¥p <0.01 from CDAA diet-fed WT mice.

core protein Il from complex Il and cytochrome ¢ ox-
idase subunit | (MTCO1) from complex IV in Ripk3”"
mice compared with WT (p <0.05) (Figure 1E). Finally,
although CDAA diet did not impact ATP synthase sub-
unit a (ATP5A) protein levels from complex V, which
uses the proton-motive force created by MRC com-
plexes I, lll, and IV to generate ATP, Ripk3 deficiency
increased ATP5A protein irrespective of diet and time
point (at least, p <0.05) (Figure 1E). Collectively, RIPK3
may contribute to impairment of OXPHOS machinery in
experimental NAFLD.

PGC1a also increases the expression of nuclear
respiratory factors (NRFs), which are transcription fac-
tors that regulate the expression of nuclear DNA genes
encoding subunits of MRC complexes and regulate
oxidative stress.'"¥ In line with MRC complex expres-
sion and activity, liver NRF1 mRNA and protein were
increased in Ripk3”" mice compared with WT mice
under a CDAA diet, most notably at 66 weeks (at least,
p <0.05; Figure 1F and Figure S1C). Similarly, sirtuin
3 (SIRT3), a major mitochondria NAD*-dependent
deacetylase that participates in the antioxidant defense
and interacts with subunits of MRC complexes | and I,
increasing their activity,[zo] was upregulated in CDAA
diet-fed Ripk3™" mice (at least, p <0.05) (Figure 1F and
Figure S1C), particularly at 32weeks. The expression
of superoxide dismutase 1 and 2 was also increased
in the liver of CDAA diet-fed Ripk3™ mice (p <0.05)
(Figure 1F and Figure S1C). Thus, although mitochon-
dria, particularly the MRC, play a major role in perpetu-
ating oxidative stress under pathological conditions,?"!
several enzymes that detoxify ROS are induced by
Ripk3 deficiency during CDAA feeding for 32 and
66 weeks. In agreement, we have previously shown that
Ripk3™" mice fed a CDAA diet for 66 weeks displayed
lower hepatic levels of ROS comparing with WT mice.!
Finally, mitofusin 2 (MFN2) promotes outer mitochon-
drial membrane fusion while also regulating cellular
energy and mitochondrial metabolism.??! Accordingly,
MFN2 protein levels were significantly increased in
CDAA diet-fed Ripk3™~ mice, compared with WT coun-
terparts (p <0.05) (Figure S1D). Conversely, mitochon-
drial fission is controlled mainly by the dynamin-related
protein-1, which was upregulated in CDAA diet-fed
WT mice at both 32 and 66weeks (p <0.05), an out-
come that is prevented by Ripk3 deficiency at 32weeks

(p <0.05) (Figure S1D). Overall, Ripk3 deficiency
contributes to metabolic homeostasis in response to
NASH-related hepatic stress, improving mitochondria
biogenesis, metabolic reprogramming, and antioxidant
defense mechanisms.

Ripk3 deficiency impacts hepatocyte
transcriptome improving mitochondrial
bioenergetics

We next asked whether the recovery of hepatic
MRC subunit expression and activity observed in
Ripk3™" mice results from an overall improvement
of NAFLD pathology and/or from specific modulation
by RIPK3-dependent signaling pathways. CRISPR/
Cas9-mediated deletion of Ripk3 was conducted in
the immortalized murine hepatocyte cell line AML-12
(Figure S2A), in which lipid metabolism and expres-
sion of mitochondrial complexes mimic that of primary
mouse hepatocytes.[23] The nonsupervised principal
component analysis of the transcriptome data of WT
and Ripk3™~ AML-12 cells in the presence or absence
of 125uM palmitate (PA) bound to bovine serum albu-
min for 24 h showed four distinct clusters according to
genotype and stimulus (Figure 2A). A similar range and
distribution of reads across all samples was observed
confirming a comparable transcriptomic coverage. A
total of 2894 differentially expressed genes (DEGs;
padj <0.05, |log2FoldChange|=0) were detected be-
tween unchallenged WT and Ripk3™" hepatocytes,
4333 DEGs were detected between PA-loaded WT
and Ripk3™" hepatocytes, 2174 DEGs were detected
between vehicle- and PA-treated WT hepatocytes, and
1316 DEGs were detected between vehicle- and PA-
treated Ripk3™" hepatocytes (Figure 2B). In addition,
by comparing the transcriptomes of both control AML-
12 cells, 207 and 178 genes were only expressed in
Ripk3™~ and WT hepatocytes, respectively (Figure 2C).
Similarly, 243 and 208 transcripts were elevated in
PA-loaded Ripk3”~ and WT hepatocytes, respec-
tively (Figure 2D). The DEGs were clustered using
a hierarchical clustering algorithm (Figure 2B), and
Kyoto Encyclopedia of Genes and Genomes pathway
enrichment analysis unveiled that transcripts associ-
ated with OXPHOS and thermogenesis were markedly
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upregulated in unchallenged Ripk3'/' hepatocytes
compared with WT cells (Figure 2C), an effect that was
aggravated by the PA treatment (Figure 2D). Similarly,
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gene ontology enrichment analysis showed that mi-
tochondria respiration-related proteins were overrep-
resented among the cellular components that were
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FIGURE 2 Ripk3 deficiency shifts the hepatocyte transcriptome. Wild-type (WT) and Ripk3™~ AML-12 cells were treated with 125uM
palmitate (PA) for 24 h. (A) Score scatter plot corresponding to a principal component analysis (PCA) of the RNA sequencing data.

Each individual is represented by one dot. (B) Heatmap of RNA-Seq expression z scores computed for all genes that are differentially
expressed between (padj <0.05, |log2FoldChange|=0), where red indicates overexpressed transcripts and blue represents underexpressed
transcripts. (C) Venn diagrams showing genes expressed in unchallenged Ripk3'/' versus WT hepatocytes. Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analysis of upregulated and downregulated differentially expressed genes (DEGs). (D) Venn

diagrams showing genes expressed in PA-treated Ripk3™"

versus WT hepatocytes. KEGG pathway enrichment analysis of upregulated

and downregulated DEGs. (E) Heatmap of z scores of DEGs associated with the KEGG pathways oxidative phosphorylation relative
to the comparison Ripk3'/‘ versus WT hepatocytes treated with PA. Each row in the heatmap is an individual sample. Red indicates
overexpressed transcripts and blue represents underexpressed transcripts. *p <0.05 from respective control.

upregulated in Ripk3_/_ hepatocytes compared with
WT cells (Figure S3). Those include several subunits of
cytochrome c oxidase and ATP synthase (Figure 2E),
which were also increased in the liver of CDAA diet-fed
Ripk3™" mice (Figure 1E).

Next, we assessed the mitochondrial respiration of
WT and Ripk3”~ AML-12 cells exposed to 62.5 pM PA
for 48h (Figure 3A), a concentration that did not im-
pact cell viability as shown by resazurin metabolism
(Figure S2B). During mitochondrial respiration assays,
ATP synthesis-linked respiration is determined by add-
ing the ATP synthase inhibitor oligomycin, whereas
remaining basal respiration not coupled to ATP gener-
ation is considered the proton leak. Maximal OCR is
revealed by injecting the uncoupler p-trifluoromethoxy
carbonyl cyanide phenyl hydrazone. Spare respiratory
capacity representing the ability of a cell to respond
to increased metabolic demands is calculated as the
difference between maximal and basal respiration.
Finally, the injection of rotenone and antimycin, inhib-
itors of MRC complexes | and lll, respectively, allow
for the determination of nonmitochondrial OCR. Our
results showed that the presence of PA resulted in an
approximately 30%—40% reduction of basal (p <0.01),
ATP-linked (p <0.01), maximal (p <0.05), and spare
(p <0.05) OCR only in WT AML-12 cells, whereas
Ripk3™" hepatocytes maintained mitochondrial bio-
energetics after PA exposure (Figure 3B). Proton leak
and nonmitochondrial respiration remained unchanged
in both PA-loaded WT and Ripk3”~ AML-12 cells
(Figure 3B). Altogether, the absence of Ripk3 impacts
on hepatocyte transcriptomic profile by increasing the
expression of genes implicated in mitochondria bioen-
ergetics and function and rescuing mitochondria respi-
ration after free fatty acid overload.

Ripk3 deficiency dampens mitochondrial
dysfunction and oxidative stress

Free fatty acids can modulate mitochondria ROS gen-
eration by uncoupling or by interference with MRC.?4
Mitochondrial ROS were increased in WT AML-12 cells
treated with 125pM PA for 24h (p <0.05) (Figure 4A),
whereas transcripts for Nrf1 (p <0.01), Sod2 (p <0.01),
and Sirt3 (p <0.01) (Figure 4B) were also increased as an
adaptative cellular mechanism. In turn, Ripk3”~ AML-12
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FIGURE 3 Ripk3 deficiency improves hepatocyte mitochondrial
bioenergetics following palmitate (PA) treatment in AML-12 cells.
Wild-type (WT) and Ripk3'/‘ AML-12 cells were treated with 62.5uM
PA for 48 h. (A) Respiratory flux profiles of cells were determined
using a Seahorse extracellular flux analyzer as described in
Supplementary Materials and Methods. (B) Quantification of
bioenergetic parameters including oxygen consumption rate (OCR)
associated with basal respiration, ATP-linked, maximal respiration
capacity, proton leak, spare capacity, and nonmitochondrial
respiration. Results are expressed as mean+SEM arbitrary units of
four independent experiments. $p <0.05 and *p <0.01 from control;
Tp <0.05 from and ¥p <0.01 from respective control.
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FIGURE 4 Ripk3 deficiency dampens hepatocyte mitochondrial reactive oxygen species (ROS) following palmitate treatment in
AML-12 cells. Wild-type (WT) and Ripk3'/' AML-12 cells were treated with 125uM palmitate (PA) for 24 h. (A) Representative staining for
MitoSOX Red (red). Nuclei were counterstained with Hoechst 33258 (blue). Scale bar = 85uM. Histogram shows the quantification of
mitochondrial ROS. (B) gRT-PCR analysis of Nfr1, Sod2, and Srit3 in AML-12 cells. (C) Representative staining for tetramethylrhodamine
methyl ester perchlorate (TMRM) (red), LipidTOX Green (green), and Hoechst 33342 (blue) for mitochondrial network, neutral LD,
mitochondrial superoxide, and nuclei, respectively. Scale bar = 85uM. (D) Histograms show the quantification of TMRM intensity and
number, area, and average size of mitochondria. (E) Histograms show the quantification of total area, average size, and number of lipid
droplets. (F) Fluorometric measurement of Nile red staining normalized by SRB method. Results are expressed as mean+SEM fold change
or percentage of four independent cultures from each genotype §p <0.05 and *p <0.01 from control; Tp <0.05 from and *p <0.01 from
respective control.
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cells were protected from mitochondrial ROS induced by
PA (p <0.05; Figure 4A), at least in part, by a more robust
upregulation of radical scavenger systems (p <0.01)
(Figure 4B). We also evaluated mitochondrial network
morphology and mitochondrial membrane potential
using the fluorescent probe tetramethylrhodamine me-
thyl ester perchlorate (TMRM). A decrease in TMRM
fluorescence intensity was observed in PA-loaded WT
cells (p <0.01), indicating decreased mitochondrial
membrane polarization, which was restored by Ripk3
deficiency (p <0.05) (Figure 4C,D). TMRM labelling
also showed that PA treatment reduced the number and
area of polarized mitochondria only in WT AML-12 cells
(p <0.05) (Figure 4C,D), whereas the maintenance of
the mitochondrial network in PA-treated Ripk3™" cells
(p <0.05) (Figure 4D) was accompanied by a robust in-
crease in Pgc1la mRNA levels (p <0.01) (Figure S4A)
downstream to PPARy activation (at least p <0.05)
(Figure S5). In addition, although the average size of
mitochondria was not significantly impacted by the pres-
ence of PA and RIPKS3 (Figure 4D), transcripts for optic
atrophy protein (Opa7) and Mfn2, mitochondrial fusion-
related genes, were increased in PA-treated Ripk3_/_
cells (at least p <0.05) (Figure S4A). Collectively, Ripk3
deficiency dampens mitochondrial dysfunction induced
by PA in hepatocytes.

Ripk3 deficiency upregulates lipid
droplet coat proteins in hepatocytes in
experimental NAFLD and in patients

Channeling PA into triglyceride droplet formation has
a protective effect by preventing the generation of Ii-
potoxic intermediates.? Indeed, while reducing lipi-
dosis, inhibition of triglyceride synthesis exacerbates
liver damage and fibrosis in obese mice with NASH.2°!
We have shown that Ripk3”" hepatocytes display in-
creased hepatic lipid content under both hypercaloric
CSAA and CDAA diets, as well as after PA expo-
sure in vitro.®! In agreement, here we showed that
the 125-uM PA-induced intracellular fat accumula-
tion, as measured by Nile red fluorometric quantifica-
tion, was higher in Ripk3™" cells than in WT AML-12
cells at 48h (Figure S2C). However, although the total
area of lipid droplets (LDs) (Figure 4C,E) and intracel-
lular neutral fat accumulation (Figure 4F) were similar
between PA-loaded WT and Ripk3”~ AML-12 cells at
24h, a higher number of smaller (p <0.01) LDs were
found in Ripk3™" cells (Figure 4C,E). Rescue experi-
ments revealed that prior to necroptotic-associated cell
swelling, overexpression of GFP-tagged murine RIPK3
enlarged LDs after free fatty acid exposure when com-
pared with neighboring Ripk3”~ AML-12 cells (p <0.05)
(Figure S4B), cosubstantiating the role of RIPK3 on LD
dynamics. The impact of Ripk3 deficiency on LD struc-
ture was independent of the modulation of lipophagy

at this time point, as the decreased microtubule-
associated protein LC3-1l levels and increased p62 lev-
els indicated a decrease in autophagy in PA-exposed
hepatocytes regardless of genotype (Figure S4C).

LDs are not stable lipid depots, and their size and
protein composition are cell context-dependent.
The perilipins (PLINs) are a major family of five LD-
associated proteins that regulate lipid storage and hy-
drolysis. Here, we evaluated the expression of the most
well-known PLINs (Plin1, Plin2, and Plin5) in AML-12
cells and in the CDAA model. Our results showed that
basal mRNA levels of Plin1 and Plin5 were already sig-
nificantly increased in Ripk3”~ AML-12 cells compared
with WT cells (at least p <0.05) and further increased
with PA treatment at 24 h (p <0.01) (Figure 5A). In turn,
Plin2 mRNA levels were increased by PA in a dose-
dependent manner in both WT and Ripk3™" cells, al-
though Plin2 upregulation was more pronounced in
Ripk3™”~ AML-12 cells treated with the highest dose
of PA (at least p <0.05) (Figure 5A). The transcrip-
tion of Plin1 and Plin5 was also markedly increased
in Ripk3”" mice fed a CDAA diet compared with WT
mice (p <0.05), whereas Plin2 mRNA levels were only
modestly affected by Ripk3 deficiency (Figure 5B).
PLIN1 and PLIN5 protein levels were also increased in
CDAA diet-fed Ripk3™" mice at both 32 and 66 weeks
of feeding (p <0.05) and even slightly augmented in
CSAA diet-fed Ripk3™" mice compared with WT mice
(Figure 5C). Similarly, in the adipose tissue, in which
PLIN1 is highly expressed, Plin1 mRNA levels were
increased in Ripk3”" mice fed either CSAA or CDAA
diet at both time points when compared with WT mice
(Figure 5D). Plin1 transcript levels also increased in
CRISPR-Cas9 Ripk3-null 3T3-L1 cells differentiated
in adipocytes (Figure S6) compared with WT cells
(p <0.05; Figure 5E), whereas the cell death associated
with the differentiation process was reduced (p <0.01;
Figure 5F).

A negative correlation between protein levels of
PLIN1 or PLIN5 and RIPK3 was found in the liver of
patients from an NAFLD cohort (p <0.01) (Figure 6A).
PLIN5 levels were not differentially modulated by the
NAFLD stage but were inversely correlated with circu-
lating levels of liver injury (aspartate aminotransferase,
p <0.01; alkaline phosphatase, p = 0.07; y-glutamyl
transferase, p = 0.07) (Figure S7A) and slightly de-
creased in higher fibrosis scores (p = 0.07) (Figure 6B).
Inturn, although PLIN1 levels were increased in patients
with NAFLD with more hepatic large or medium-sized
LDs (steatosis score 3 vs. 2; p <0.05) (Figure 6C), pa-
tients with NAFLD with active disease (histological ac-
tivity score=2 vs.<2) display diminished protein levels
of PLIN1 (p <0.05; Figure 6C) and alkaline phosphatase
(p <0.05) (Figure S7B). Furthermore, despite the lack
of effect on fibrosis score, hepatic PLIN1 levels were
negatively correlated with liver stiffness measurement
(p <0.05) and Fibrosis-4 index (p = 0.054) (Figure 6D).

85UB017 SUOWWOD BAIIE8.D 8|cedljdde ay) Aq peusenob a.1e s9oile VO ‘88N JO S8|nJ o} AkeiqiauljuQ 3|1 UO (SUOTHIPUOO-PUE-SWIBILO0D" AS | 1WA eiq U [UO//Sdny) SUOIIPUOD pue SWie 1 8y} 89S *[220z/TT/.z] uo Akeid)auluo 8|1 ‘soueld auelyood Ag 95728 dey/z00T 0T/10p/woo A8 Im Ariqieuljuosgndp see//:sdny Wwolj pepeojumod ‘0 ‘0SEELZST



10 | RIPK3 DAMPENS MITOCHONDRIAL BIOENERGETICS

A AML-12 cells
By, +1 30; ot 24 -+ Wwr
<3 ot <3 <5 ot O3 Riok3
Z o Z o Z o
X c Y < * ¥
E © * E @ E g
5 151 S 154 5 12
T o 3 Lg z §
=0 * =0 =5 §
o LT o RN |
Q1 milim . 0 Ol s -
Control 62.5 125 Control 62.5 125 Control 62.5 125
PA (M) PA (M) PA (M)
(B) , i (%)
Liver mwr [OJRipk3 32 wk 66 wk
701 st CSAA CDAA CSAA CDAA
< —
Z ‘é% WT  Ripk3" WT Ripk3™ WT Ripk3" WT  Ripk3”
@©
5635 + PLIN1 [ - L W -62kDa
Tz
xe PLINS ST Tl L
o-_illlﬁ -ﬁi GAPDH e S0 e e s s s o T
5.0 § 3.0
2 1 § . wWT
< i~ A a D R /-
[ Z 5 ipk3
% = - <
c ®© o _2
.S 1 o O 25' 15'
= 22
d I 38
0 0- 0-
§
5.0- 2.8,
5.0 .t o 5 T
=3 z5
X5 ol 141
5 251 L 5 2.5 .
g3 23
Qs ﬁ ﬂ i i S&
L | . o
CSAA  CDAA CSAA  CDAA CSAA  CDAA CSAA  CDAA
32 wk 66 wk 32 wk 66 wk
(D) Adipose tissue (E) 3T3-L1 cells (F) _ 3T3-Ltcells
45 - 7000+ - 5 1207 =W
<3 § ORipk3™ <5 O Ripk3™” 4 O Ripk3™"
Z [e)] 3 O' Z [@)] E_, 80' *:t
x g > xS o)
IS 5 t t S 5 * P
-
S B 15 S 3 3500° - D 40
Q_ = E = 4+ hudl
j Z.ﬁ..:.J.\_L 5
0- . 0- 3 o
CSAA CDAA CSAA CDAA Day 0 Day 8 Day 8

32 wk 66 wk

FIGURE 5 Ripk3 deficiency upregulates lipid droplets coat proteins in hepatocytes in vitro and in vivo. (A) gRT-PCR analysis of Plin1,
Plin2, Plin5 in wild-type (WT) and Rika'/' AML-12 cells treated with 62.5 or 125M palmitate for 24 h. (B) gqRT-PCR analysis of Plin1, Plin2,
Plin5 in the liver of C57BL/6 WT or Ripk3'/' mice fed a choline-deficient, amino acid-defined (CDAA) or an isocaloric control choline-sufficient
L-amino acid-defined (CSAA) diet for 32 or 66 weeks. (C) Immunoblotting and densitometry of PLIN1 and PLINS in the liver of C57BL/6 WT or
Ripk3'/' mice fed a CDAA or CSAA diet for 32 or 66 weeks. Blots were normalized to endogenous GAPDH. Representative immunoblots are
shown. (D) gRT-PCR analysis of Plin1 in the white adipose tissue of C57BL/6 WT or Ripk3'/‘ mice fed a CDAA or an isocaloric control CSAA
diet for 32 or 66 weeks. (E) qRT-PCR analysis of Plin1 in WT and Ripk3~~ 3T3-L1 cells before (day 0) and after differentiation in adipocytes
(day 8). (F) Percentage of released LDH in differentiated adipocytes relative to undifferentiated 3T3-L1 cells, as surrogate of general cells
death. Results are expressed as mean+SEM fold change or percentage to control of three to four independent in vitro experiments or six to
seven individual mice. $p <0.05 and *p <0.01 from CSAA diet-fed WT mice; Tp <0.05 and *p <0.01 from CDAA diet-fed WT mice.
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FIGURE 6 Ripk3 deficiency associates with augmented hepatic perilipin (PLIN)1 and PLIN5 in patients with NAFLD. (A) Representative
immunoblots of RIPK3 and PLIN1 and PLINS in the liver of patients from an NAFLD cohort (n = 22) and their Spearman correlation scatter
plot. Blots were normalized to endogenous p-actin. Densitometry of PLIN1 (B) and PLIN5 (C) according to activity grade, steatosis score,
and fibrosis score. Activity score in patients with NAFLD corresponds to the unweighted addition of hepatocyte ballooning and lobular
inflammation as described in Supplementary Materials and Methods. (D) Spearman correlation scatter plot of hepatic PLIN1 with liver
stiffness measurement assessed by FribroScan and Fibrosis-4 (FIB4) score in patients with NAFLD. Each individual is represented by

one dot. Data are expressed as mean+SEM arbitrary units or fold change. §p <0.05 and *p <0.01 compared with respective controls.

(E) Representative immunostaining of PLIN1 (left) and RIPK3 (right) in liver tissue from a healthy control (top) and a patient with familial
partial lipodystrophy type 4 carrying a PLIN1 frameshift variant (bottom). Nuclei were counterstained with Hoechst 33258 (blue). Scale

bar =100uM.
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Hepatic PLIN1 levels were also decreased in diabetic
and hypertensive patients with NAFLD (p <0.01) and
with increased circulating hemoglobin A1C (p <0.06)
(Figure S7B,C). Strikingly, a patient with FPLD type 4
carrying a 4-bp duplication in exon 8 (c.1202_1205dup),
leading to the synthesis of a p. (Pro403Argfs*164) mu-
tant PLIN1 protein with an altered interaction domain
with  1-acylglycerol-3-phosphate  O-acyltransferase
(ABHD5),I'"! presented severe NAFLD and liver fibro-
sis diagnosed at early adulthood (Table S1), without
splenomegaly or biliary defect. In the liver of a patient
with PLIN7-associated FPLD, only part of the LDs colo-
calized with PLIN1 (Figure S8), whereas RIPK3 protein
levels increased in injured liver tissue (Figure 6E), sug-
gesting a bidirectional functional link between PLIN1
and RIPK3 in NAFLD severity. Taken together, Ripk3
deficiency strongly associates with upregulation of liver
Plin1 and Plin5 in experimental NAFLD and in human
NAFLD, likely playing a role in LD dynamics and dis-
ease pathogenesis.

PLIN1 upregulation in Ripk3-deficient
hepatocytes controls LD structure and
diminishes mitochondrial stress upon free
fatty acid overload

To evaluate the functional role of PLIN1 in fatty acid-
loaded hepatocytes, AML-12 cells were transfected
with an siRNA-targeting Plin1, leading to an approxi-
mately 60%—75% decrease in Plin1 mRNA levels, com-
pared with siRNA-control transfected cells (p <0.05)
(Figure 7A). The absence of Ripk3 protected AML-12
cells from 125-pM PA-induced cell membrane permea-
bilization (Figure 7B), whereas the cosilencing of Plin1
had no impact on cell viability or on neutral lipid storage
in hepatocytes at 24 h (Figure 7B,C). Still, Plin1 resulted
in fewer (p <0.01) and enlarged LD in Ripk3”~ AML-
12 cells at 24h (p <0.05) (Figure 7D), corroborating
that the upregulation of Plin1 observed in PA-loaded
Ripk3_/_ hepatocytes shape LD morphology at early
time points.

PLIN1 interacts with MFN2 in the outer mitochon-
drial membrane, which is key for transferring fatty acids
to mitochondria in brown adipose tissue.”? Here, we
found that the knockdown of Plin1 diminished Mfn2
mRNA levels only in Ripk3”~ AML-12 cells after PA ex-
posure (p <0.01), which was accompanied by a slight
decrease in the mRNA levels of carnitine palmitoyl-
transferase | (p = 0.07) (Figure 7E). Curiously, Plin1
downregulation in PA-loaded Ripk3”~ AML-12 cells
also restored Sod2 mRNA levels to those of PA-loaded
WT cells (Figure 7E), abolishing protection against
PA-induced mitochondrial ROS generation that was
achieved by Ripk3 deficiency (p <0.05) (Figure 7F).
The contacts between mitochondria and LD have also
been functionally implicated in triacylglycerol synthesis

and LD expansion,m] whereas adipose-specific Mfn2

knockout mice display reduced transcription of
acetyl-CoA carboxylase (Acc) and PPARy, impli-
cated in Iipogenesis.m] Similarly, upon PA exposure,
the siRNA-mediated silencing of Plin1 abrogated the
Ripk3™"-dependent upregulation of Acc (p <0.01) and
Ppary (p <0.01) (Figure 7E). In murine adipocytes, the
expression of the Plin1 gene is regulated by PPARylzs];
however, although Ppary knockdown decreased the
basal expression of Plin1 in both WT and Ripk3™”~
AML-12 cells (p <0.01), the upregulation of Plin1 in
response to PA exposure was not affected by Ppary
silencing (Figure S5). Overall, Ripk3 deficiency in he-
patocytes led to an upregulation of Plin1 that modulates
LD structure and metabolism, together with the protec-
tion against mitochondrial stress upon free fatty acid
overload, possibly by impacting on LD-mitochondria
interaction.

DISCUSSION

Metabolic coupling between MRC activity and mito-
chondrial fatty acid oxidation is crucial to curb hepatic
fat accumulation and restrain ROS overabundance. In
turn, the decline of mitochondrial function aggravates
metabolic disturbances and may potentially contrib-
ute to NAFLD progression. On the other hand, free
fatty acid overload leads to impaired mitochondria
function, with consequent ROS overproduction and
defective MRC activity.?" RIPK3 acts as a lipid me-
tabolism regulator, and its deficiency attenuates liver
damage, inflammation, oxidative stress fibrosis, and
carcinogenesis, both in mouse models and human
NAFLD.B->89 However, the role of RIPK3 in mito-
chondrial bioenergetics and function remain unclear.
Here, we found that Ripk3 deficiency strongly impacts
the hepatocyte transcriptome by increasing genes as-
sociated with OXPHOS and rescues mitochondrial bi-
ogenesis, bioenergetics, and function in experimental
NASH and fat-loaded hepatocytes. Moreover, Ripk3
deficiency was accompanied by a strong upregulation
of the ROS scavenging systems, leading to diminished
oxidative stress upon fat loading both in vivo and in
vitro. Altogether, although accumulating evidence indi-
cates that RIPK3/MLKL could increase mitochondrial
respiration and oxidative stress in response to necrop-
totic stimuli,'"*~"®! the absence of RIPK3 also prevents
NAFLD-related mitochondria damage and ROS, cou-
pled with increased mitochondria content and MRC
activity. The improved mitochondria fitness was likely
triggered, at least in part, by increased activation of
PGC1a/PPARYy axis in Ripk3~" cells, which is a pivotal
pathway in lipid and metabolic regulation, redox bal-
ance, and immune responses in NAFLD.[1329]

LD are multifunctional and highly dynamic in-
tracellular organelles implicated in the packaging
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FIGURE 7 PLIN1 upregulation in Ripk3-deficient hepatocytes controls lipid droplet structure and diminished mitochondrial stress

upon free fatty acid overload. Wild-type (WT) and Ripk3™~ AML-12 hepatocytes were transfected with an siRNA-targeting Plin1

(siPlin1) or a scrambled control (siC) for 24 h. Then, cells were loaded with 125uM palmitate (PA) or vehicle control for 24 h. (A) gRT-

PCR analysis of Plin1 in AML-12 cells. (B) General cell death as assessed by the lactate dehydrogenase (LDH) release assay. (C)
Fluorometric measurement of Nile red staining normalized by SRB method. §‘p <0.05 and *p <0.01 from control; Tp <0.05 from respective
control. *p <0.01 from WT control. Data are expressed as mean+SEM fold change for WT control of four independent experiments. (D)
Representative staining for Nile Red (red) and Hoechst 33342 (blue) for neutral lipid droplet (LD) and nuclei, respectively. Scale bar = 15uM.
Histograms show the quantification of number and area of LD. (E) gRT-PCR analysis of Mfn2, Cpt1a, Sod2, Acc, and Ppary in AML-12 cells.
Data are expressed as mean+SEM fold change for WT PA of four independent experiments. (F) Mitochondrial reactive oxygen species

as determined by the fluorometric measurement of MitoSOX Red. Data are expressed as mean+SEM fold change for WT control of four
independent experiments. §p <0.05 and *p <0.01 from WT control; /p <0.05 from and Ip <0.01 from respective control.

and management of body fat stores, critical for en- abundant LD proteins, playing a key role in LD for-
ergy metabolism homeostasis and NAFLD develop- mation, structural remodeling, and lipolysis. PLIN1
ment.2% The PLIN family comprises some of the most and 2 are considered as LD resident proteins that are
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subjected to degradation when in the cytosol, whereas
PLIN3, 4, and 5 are either bound to LDs or located
in the cytoplasm associated with other organelles.[31]
We showed that increased expression of Plin1 in PA-
loaded Ripk3”~ AML-12 cells was accompanied by
more and smaller LDs at early time points, whereas
the amount and size of LDs were recovered to WT
levels upon Plin1 loss in Ripk3™" cells. Importantly,
the increase in LD size can cause activation of he-
patic stellate cells,®% which we found previously de-
creased upon RIPK3 knockdown.®! Likewise, it has
been shown that AML-12 cells lacking both Plin2 and
Plin3 exhibited fewer and larger LDs, together with
decreased AKT phosphorylation as a surrogate of
insulin resistance.l®? This phenotype could reflect a
specific function of PLINs in controlling LD life cycling
and/or suggest that some PLINs present surfactant
properties that minimize the contact of LD surface
area with the surrounding aqueous cytosol, counter-
acting LD fusion. Of note, small multilocular LDs and
large unilocular LDs likely show distinct profiles of
interaction with their binding partners through mem-
brane contact sites, including mitochondria. Indeed,
it has been shown that the overexpression of PLIN5,
which mediates the interaction between LDs and mito-
chondria, recruits mitochondria to LDs in multiple cell
types, including AML-12 cells.®¥ In adipocytes, it has
been described that LD are anchored to mitochondria
via a PLIN1-MFN2 interaction.?? Here, we found that
the loss-of-function of Plin1 in Ripk3™~ hepatocytes
led to a diminished expression of Mfn2, together with
decreased expression of Ppary and Acc, after free
fatty acid exposure. Furthermore, the absence of
Ripk3 in hepatocytes treated with free fatty acids at
longer time points and in livers of mice fed hyperca-
loric CSAA/CDAA diets® led to an augmented intra-
cellular fat accumulation, accompanied by increased
Acc, Plin1, and Plin5 expression, and enhanced mi-
tochondrial OXPHOS and citrate synthase activities.
Of note, it has been reported that a higher level of
mitochondria—LD contact could fuel de novo lipogen-
esis by increasing OXPHOS and tricarboxylic acid
cycle capacity that provides ATP and citrate, respec-
tively, which ultimately promotes the ACC-mediated
production of new fatty acids?”*¥. It has also been
shown that PLIN1 overexpression increases the ex-
pression of genes associated with fatty acid and tri-
glyceride synthesis in bovine adipocytes,[35] which
is also increased in the livers of Ripk3™" mice from
the CDAA model® and in PA-loaded Ripk3”~ AML-
12 cells. Overall, these findings suggest that PLIN1
may ultimately regulate the amount of fat produced
and the interaction between LD and mitochondria in
Ripk3™" hepatocytes.

Increased hepatic expression of PLIN1 has been
reported in patients with NAFLD.B831 \Whether its
abundance is causal or consequential to the disease

is unclear. We have previously reported that RIPK3
is increased in patients with more severe NAFLD, in-
cluding those who are carriers of the rs738409 vari-
ant of the PNPLA3 gene.®! Here, we found that PLIN1
protein levels were negatively correlated with RIPK3
levels in human livers and increased in patients with
NAFLD with marked hepatic accumulation of large or
medium-sized LDs. More importantly, PLIN1 levels
were decreased in patients with more severe disease.
Thus, LD growth associated with higher PLIN1 levels in
hepatocytes of patients with NAFLD is likely an adap-
tive, beneficial, regulated phenomenon rather than a
consequence of impaired utilization. Indeed, LD sus-
tain energy and cellular homeostasis in stressed cells
by controlling free fatty acid mobilization for optimal
energy production and sequestering toxic lipids into
their neutral lipid core.3 Accordingly, in heterozygous
PLINT frameshift variant associated with FPLD!"®! and
severe liver fibrosis and NAFLD, only some hepatic
LDs contain PLIN1, whereas RIPK3 levels increased
in injured liver tissue. Curiously, physical exercise
was shown to promote an intramyocellular increase
of PLIN1 and triglycerides in both control and high-
fat diet—fed mice,*® whereas the number of LDs and
mitochondria and their physical interaction were also
augmented in the muscle of individuals subjected to
endurance exercise training.[39] Thus, we cannot ex-
clude that upregulation of PLIN1 in other cell types
could also contribute to a better phenotype in Ripk3'/'
mice subjected to diet-induced experimental NAFLD.

Epigenetic mechanisms contribute to the regula-
tion of PPARy, PGC-1a, and PLIN1 during metabolic
disease.*041] Importantly, the necroptosis-associated
hepatic cytokine microenvironment is associated with
lineage commitment in liver cancer by impacting on
epigenome.*? Noteworthy, we found that SIRT3, a nu-
clear NAD*-dependent histone deacetylase that trans-
locates to the mitochondria upon cellular stress,*3 was
augmented in Ripk3™ hepatocytes both in vitro and in
vivo, even at basal conditions. In line, it has been de-
scribed that necroptosis is preceded by nuclear trans-
location of RIPK3“*4 that directly phosphorylates and,
subsequently, activates the pyruvate dehydrogenase
complex,[15] which in turn converts pyruvate into acetyl-
CoA. Future studies should explore whether RIPK3
might impact the metabolic-epigenetic landscape and
subsequent mitochondrial-related gene expression. In
addition, RIPK3 might also affect mitochondrial func-
tion by directly phosphorylating critical regulators of
cellular metabolism, such as pyruvate dehydrogenase
complex or AMP-activated protein kinase.!*"!

In conclusion, the absence of RIPK3 associates with
increased activation of PGC1a/PPARY/PLIN signaling
pathways in the liver, coupled with a rescue of mito-
chondria content, OXPHOS machinery, and LD remod-
eling, as well as improved ROS detoxification capacity
in experimental NAFLD. Furthermore, we uncovered a
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protective role of PLIN1 upregulation in the liver of pa-
tients with NAFLD. Importantly, accumulating evidence
points to the role of mitochondrial maladaptation in the
progression of NAFLD toward cancer. Similarly, large
LDs allow rapid dynamics between lipid synthesis and
consumption to sustain cell proliferation in cancer, being
PLIN1 downregulated during early hepatocarcinogene-
sisin patients.[46] Thus, our findings may contribute to a
better understanding of the mechanisms underlying the
progression of NAFLD/NASH and highlight that target-
ing RIPK3 might provide a better metabolic adaptative
response to NASH-related stress.
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