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Abstract

Intravascular hemolysis is a common feature of different clinical entities, including sickle cell disease and malaria.
Chronic hemolytic disorders are associated with hepatic damage; however, it is unknown whether heme disturbs lipid
metabolism and promotes liver steatosis, thereby favoring the progression to nonalcoholic fatty liver disease (NAFLD).
Using an experimental model of acute intravascular hemolysis, we report here the presence of liver injury in association
with microvesicular lipid droplet deposition. Hemolysis promoted serum hyperlipidemia and altered intrahepatic
triglyceride fatty acid composition, with increments in oleic, palmitoleic, and palmitic acids. These findings were related
to augmented expression of transporters involved in fatty acid uptake (CD36 and MSR1) and deregulation of LDL
transport, as demonstrated by decreased levels of LDL receptor and increased PCSK9 expression. Hemolysis also
upregulated hepatic enzymes associated with cholesterol biosynthesis (SREBP2, HMGC1, LCAT, SOAT1) and transcription
factors regulating lipid metabolism (SREBP1). Increased LC311/LC3I ratio and p62/SQSTM1 protein levels were reported in
mice with intravascular hemolysis and hepatocytes stimulated with heme, indicating a blockade of lipophagy. In cultured
hepatocytes, cell pretreatment with the autophagy inductor rapamycin diminished heme-mediated toxicity and accu-
mulation of lipid droplets. In conclusion, intravascular hemolysis enhances liver damage by exacerbating lipid accumu-
lation and blocking the lipophagy pathway, thereby promoting NAFLD. These new findings have a high translational
potential as a novel NAFLD-promoting mechanism in individuals suffering from severe hemolysis episodes.

© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd on behalf of The Pathological Society of Great Britain
and Ireland.
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Introduction

Intravascular hemolysis is a common feature of various
clinical entities, such as sickle cell disease (SCD),
malaria, and thrombotic microangiopathies, among
others [1-3]. Hemolysis promotes massive release of
erythrocyte-breakdown products into the bloodstream,
such as hemoglobin (Hb) and heme. These cytotoxic
molecules can accumulate in various tissues, including
the liver [3—7]. Thus, hepatic injury has been described
in 10-40% of patients with SCD and in animal models of
hemolytic pathologies [8—12].

Nonalcoholic fatty liver disease (NAFLD) is an
emerging disease with elevated prevalence (20-30% of
the general population) [13]. NAFLD depicts different
manifestations of hepatic damage, ranging from
steatosis to steatohepatitis (hepatocyte ballooning,
inflammatory clusters, with or without fibrosis) and
potentially progression to hepatocellular carcinoma
[14,15]. NAFLD is a consequence of triglyceride
(TG) accumulation elicited by the augmentation of fatty
acids uptake and de novo lipogenesis (DNL) and altered
lipid efflux [16]. This exacerbated accumulation of lipids
surpasses fatty acid oxidation and its exportation,
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thereby favoring intrahepatic lipid deposition [17] and
dyslipidemia [18-22]. However, the effect of hemolysis
on lipid metabolism has not been fully analyzed, and the
few studies performed to date are controversial, with
some reporting hyperlipidemia, whereas other showed
no changes or decreased levels of circulating lipids
[23-25]. Hence, it is very important to fully study the
role of hemolysis on hepatic lipid metabolism and
the pathological consequences.

Autophagy maintains cellular homeostasis by eliminat-
ing misfolded proteins, aggregates, or spoiled organelles in
lysosomal vesicles [26]. Autophagy plays a critical role in
the development of steatosis and steatohepatitis [27-29].
Several studies described the term lipophagy as the
autophagy process that degrades lipid droplets through
lysosomes in the liver [30]. Lipophagy may be deregulated
in hepatic damage [31,32]. However, no previous study
had analyzed the role of heme accumulation in liver
lipophagy and whether heme-mediated lipophagy
induced fatty acid accumulation and subsequent alter-
ation of lipid metabolism. To answer these questions,
we developed an experimental model of intravascular
hemolysis in mice and cultured hepatic cells, where we
explored the effect of heme accumulation on liver
injury as well as the potential mechanisms implicated
in this pathogenic effect.

Materials and methods

Cultured cells

Human liver hepatocellular carcinoma cells (HepG2 cell
line; ATCC® HB-8065; ATCC; Manassas; VA, USA)
were stimulated with 5 pm of recombinant human Heme
(Catalog No. H9039, Sigma-Aldrich, St. Louis, MO,
USA) in the presence/absence of rapamycin (1 pm;
Sigma-Aldrich). Heme concentrations were based on
previously published dose-response experiments [33].
Cell viability was analyzed using the MTT assay
(Thiazolyl Blue tetrazolium bromide, Sigma-Aldrich).
An extended description is provided in Supplementary
materials and methods.

Experimental animal models

The study was conducted according to Directive
2010/63/EU of the European Parliament and was
approved by the Institutional Animal Care and Use
Committee (IIS-Fundacién Jimenez Diaz). The following
experimental models were performed in 9-week-old male
C57BL/6 mice.

Intravascular hemolysis

Phenylhydrazine (PHE) (150 mg/kg of body weight,
Catalog No. 114715, Sigma-Aldrich) was injected (i.p.)
in mice [33]. Mice (n = 5—6/group) were euthanized 72 h
after PHE injection.
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Hemin overload

Hemin (200 pl; 70 pmol/kg, Catalog No. H9039; Sigma-
Aldrich) was injected (i.p.) in mice (n = 5-8/group), and
the animals were euthanized 72 h later.

High carbonyl iron diet model

Mice (n = 5-10/group) were fed for 8 weeks with a
control diet (C1000 diet; Altromin, Lage, Germany) or
high carbonyl iron diet (C1000 control diet plus car-
bonyl iron 20 g/kg; Altromin) and then sacrificed.

At the time of sacrifice, animals were anesthetized
with 5 mg/kg xylazine (Rompun, Bayer AG, Germany)
and 35 mg/kg ketamine (Ketolar, Pfizer, New York,
USA) and liver perfused in situ with cold saline before
removal. Then liver portions were fixed in buffered
formalin for immunohistochemistry studies or immedi-
ately frozen in liquid nitrogen for gene expression and
protein studies. An extended description is provided in
Supplementary materials and methods.

Biochemical parameters

Serum lipid profiles and liver biochemical parameters were
assessed at the central laboratories of our Institution. Total
heme concentration in liver was determined with a
commercial kit (Catalog No. MAK316; Sigma-Aldrich).
Fatty acid methyl esters (FAMEs) from liver TGs were
determined as described previously [16]. Total fatty acids
were estimated as the sum of all the fatty acid species in
liver TGs.

Oil Red O staining

Determination of lipid droplets in liver tissues and in
cultured cells was performed with Oil Red O staining.
More detail is provided in Supplementary materials and
methods.

Histology and immunohistochemistry

Paraffin-embedded liver sections (3 pm) were stained
with hematoxylin and eosin (Catalog Nos. 10034813
and 6766007, Thermo Fisher Scientific, Waltham, MA,
USA) and signs of histological injury assessed. LDL
receptor (LDLR) immunohistochemistry is described in
Supplementary materials and methods.

Western blotting

Proteins from tissues or cultured cells were isolated in
lysis buffer and analyzed by western blotting. Primary
antibodies were detected with an appropriate horseradish
peroxidase (HRP)-conjugated secondary antibody and
then developed using an ECL chemiluminescence kit
(Amersham, Little Chalfont, UK). Blots were scanned
using a Gel Doc™ EZ imager (Thermo Fisher Scientific)
and analyzed with the Image Lab 3.0 software (BioRad
Laboratories, Hercules, CA, USA).
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Figure 1. Experimental intravascular hemolysis induces hepatic damage. Mice were injected with PHE (150 mg/kg) or saline (control) and
then were sacrificed at 72 h. (A) Hematocrit and (B) erythrocyte number assessments. (C) Heme content in liver tissue. (D) Representative
images showing histopathological changes in liver tissue by H&E staining in control (D1) and PHE-injected mice (D2-4; D2: steatosis foci;
D3: Inflammatory infiltrate foci, D4: ballooning). Bar score (100 pum). (E) Semiquantitative determination of steatosis, lobular inflammation,
and hepatocyte ballooning in livers of PHE-injected mice. (F) Hepatic gene expression of //-33; Ccl2 and Serpine mRNA levels as determined by
RT-qPCR. (G) Hepatic gene expression of antioxidant markers superoxide dismutase (Sod7) and heme oxygenase 1 (Hmox1), as determined
using RT-qPCR. (H) NAFLD activity score (NAS) assessment. (I) Serum levels of transaminases (AST and ALT). Mean + SEM of five to eight mice
per group. *p < 0.05; **p < 0.01 versus control.

© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

J Pathol 2023; 261: 169183
www.thejournalofpathology.com

85UR0| 7 SUOWILLID BAIEaID 3ol (dde 8y} Aq paueAob 8Je Sajoie YO ‘8N JO Sa|ni Joj A%eIq1T8UIUO /8|1 O (SUORIPUOD-PUe-SWR)LIO™AB| 1M Afeiq 18Ul |UO//SONY) SUORIPUOD Pue SWLB L 8U} 885 *[7202/70/Se] Uo Areiq)Tauliuo AB|IMm ‘8|1IuD 8ueIyo0D Aq T9T9'Yed/Z00T OT/I0p/woo" 3| imAre.q 1 pul|uo's feu.no bosyred;/sdny wouy papeojumoq ‘g ‘€202 ‘9686960T


http://www.pathsoc.org
http://www.thejournalofpathology.com

172 S Rayego-Mateos et al

40 -
- X
o} = * %
a o
o © 30+
o ! ©
= <
o 2
¢ 2 20-
' g
o
©
T 104
=
s .
&
i
Control  PHE
C 2 g * * %
T 2500 ‘0 6 . . DOcaz
53 * % g . 2 & &= [ sop1
< 2 20004 o 3 3 4T . N rmox1
. L ]
= B . 2 €354 _* =
o G c <
£ 5 15001 K3 2o . Z o
g9 _l_ i B 3.0 i € * %
'S < 1000- © A 2 2 A
< tén %3 . =
> o 2.5 ©
~ ~ &. . A
i S VORI - HEE i
g 0 . . 2.0 T T M A WL
[ Control  PHE Control Heme éé° Z {\éo @Q' $o @"’
C ¥ FEF
G Control Heme 2 47 ok
>
Q .
. - ¥ *
Perilipin1 -57kDa c
T 2
(O]
[
o 4
GAPDH --38kDa £z !
©
T ol
o

Control Heme

H [ c18:1n9cis [ ci6:1n7 [l c16:0 I [ otal cholesterol [l Triglycerides [ LDL-C HDL-C
“ 600
% < %k %k %k %k 250 -
S 2 ®e °
S N o 200 = .
20 .9 4004 T —~ A
Q 5 N
(= Y
% < o é [ lg) [
= 0 - =N
S £ 200- * g 1907 o R
~ ° C 0 \
z 2 e 50- : RN
B 2 N N
o - N
P IS P PN N N N
S & O ¥ O ¥ S & O ¥ 5 & 5
S S L & T S § L& & L & L
S S S S S S S
Figure 2 Legend on next page.
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Gene expression studies

Total RNA was isolated from cultured cells and tissues
using Trizol (Invitrogen, Waltham, MA, USA). cDNA
was synthesized using a High-Capacity cDNA
Archive Kit (Applied Biosystems, Waltham, MA,
USA). Multiplex real-time PCR was performed on an
ABI Prism 7500 PCR system (Applied Biosystems)
using Applied Biosystems expression assays or
IDT PrimeTime™ predesigned qPCR assays. More
detail is provided in Supplementary materials and
methods.

Analysis of '3C-acetate in fatty acids

Control and PHE-injected mice received '*C sodium
acetate (0.3 M, in drinking water; Sigma-Aldrich) 4 h
prior to PHE injection. Animals were sacrificed 72 h
after PHE injection. Liver fatty acids were extracted
and methylated as described previously [34] and quanti-
fied using gas chromatography—mass spectrometry
(GC-MY).

Statistical analysis

Statistical significance was assessed using GraphPad
Prism 5.0 (GraphPad Software, San Diego, CA, USA).
Comparisons between groups were performed using a
parametric unpaired two-sided #-test if the data followed
a normal distribution (confirmed by a Shapiro—Wilk
normality test) and the homogeneity of variances (tested
with F-test). The data are presented as mean + SEM.
Lipid discriminant and clustering analysis was carried
out respectively using an orthogonal partial least squares
discriminant analysis (0PLS-DA) and Euclidean hierar-
chical clustering with the MetaboAnalyst R 2.0 package
(https://www.metaboanalyst.ca/; accessed October
6, 2023). Differences were considered statistically sig-
nificant when the p value was <0.05.

See Supplementary materials and methods for fuller
details and descriptions of Oil Red O staining, protein
studies, histology and immunohistochemistry, MTT
viability studies, lipidic profile determination, lipid
extraction from liver tissue, and analysis of 13C label
acetate in fatty acids.

Results

Intravascular hemolysis causes lipid accumulation,
inflammation, and liver damage

To study the effect of heme accumulation on liver injury,
we developed an experimental model of massive intravas-
cular hemolysis. Mice were injected with PHE to promote
the lysis of erythrocytes and the subsequent release of high
quantities of heme into the bloodstream [33]. As expected,
administration of PHE reduced hematocrit and erythrocyte
number (Figure 1A,B) and increased liver iron content
(Figure 1C). In the livers of mice with hemolysis, we
detected inflammatory clusters/foci  (Figure 1D,
panel D3, and Figure 1E), as well as increased gene
expression of inflammatory mediators such as CC
chemokine ligand 2 (Ccl2), Serpine, and Interleukin 33
(1133) (Figure 1F). In addition, increased expression of
antioxidant markers, such as superoxide dismutase 1
(Sodl) and heme oxygenase 1 (Hmox1), was observed in
hepatic tissue of mice with hemolysis (Figure 1G).
Histological analysis of mice with hemolysis revealed
significant alterations in hepatic tissue, characterized by
foci of microvesicular steatosis and hepatocellular bal-
looning (Figure 1D, panels D2 and D4, and Figure 1E).
An increment in total NAFLD activity score (NAS) was
also observed in the hepatic tissue of mice with hemo-
lysis (Figure 1H). In line with the morphological data,
we noted increased serum levels of the liver injury
markers aspartate aminotransferase (ASAT) and alanine
aminotransferase (ALAT) after induction of hemolysis
(Figure 11). Oil Red O staining confirmed the presence
of microvesicular lipid deposits (Figure 2A,B) and an
increase of total fatty acids in the liver of PHE-injected
mice (Figure 2C). To further demonstrate whether heme
could directly regulate lipid deposition in the liver, we
performed two additional experimental models (hemin
overload and high carbonyl iron diet). In both experi-
mental models we observed histological hepatic damage
characterized by ballooning, inflammatory infiltrates,
and microvesicular lipid deposition (supplementary
material, Figures S1A,B and S2A,B). Steatosis was gen-
eralized after high carbonyl iron diet consumption,
whereas hemin administration only induced small foci
steatosis (supplementary material, Figures S1A,B and
S2A,B). In both models, an increment in total NAS liver

Figure 2. Intravascular hemolysis induces hepatic lipidic deposition in mice and cultured HepG2 cells. (A) Lipid deposition was
evaluated using Oil Red O staining of OCT-embedded liver sections of PHE- (150 mg/kg) or saline (vehicle)-injected mice.
Figures are representative of each experimental group. Scale bar, 100 um. (B) Quantification of Oil Red O stained area versus total
area. (C) Total fatty acid content in TG. Mean + SEM of five to eight mice per group. *p < 0.05;*p < 0.01; **p < 0.001 versus control.
(D) Cell viability assay of heme-stimulated HepG2 cells. (E) mRNA levels for inflammatory (CCL2) and antioxidant markers (SOD7;
HMOX-1) were assessed using RT-qPCR in HepG2 cells treated with heme (5 pm) for 6 h. Mean + SEM of three to six experiments,
*p < 0.05; **p < 0.01 versus control. (F) HepG2 cells were stimulated with heme (5 pm) for 24 h before assessing lipid deposition using
0Oil Red 0. Scale bar, 100 pm. (G) Protein levels of Perilipin 1 assessed by western blotting. GAPDH levels were used as loading controls.
Figure shows a representative western blot and the quantification of the data. (H) Fatty acid composition of TGs by GC-MS in liver
tissue samples: oleic acid (C18:1n9 cis), palmitoleic acid (C16:1n7), and palmitic acid (C16:0) in TG. (I) Lipid profile in serum samples:
total cholesterol, TGs, LDL-c, and HDL-c. Mean + SEM of five to eight mice per group.*p < 0.05;*p < 0.01; ***p < 0.001 versus control.
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score was observed after hemin injection and high
carbonyl iron fed mice compared to its respective controls
(supplementary material, Figures S1C and S2C).

Finally, we conducted in vitro studies in human hepa-
tocytes (HepG2 cells) stimulated with heme for 24 h. In
these conditions, we found a reduction of hepatocyte
viability (Figure 2D) and an augmented expression of
inflammatory mediators and components of the antioxi-
dant response (Figure 2E). Importantly, heme-treated
cells showed a significant increase in microvesicular
lipid content (Figure 2F) and increased expression of
Perilipin 1, encoding a lipid droplet-associated protein
(Figure 2G). Taken together, these data indicate that
heme causes lipid accumulation in hepatocytes.

Intravascular hemolysis modifies hepatic fatty acid
homeostasis

Having demonstrated the direct effect of iron overload
on lipid accumulation, we next analyzed the composi-
tion of fatty acids of the intrahepatic TG subfractions.
Compared to control, mice with hemolysis had a signif-
icant increase in oleic acid (C18:1n9 cis) and palmitoleic
acid (C16:1n7) (Figure 2H), major fatty acid species in
hepatic TGs [35]. There was also an increase of the
lipotoxic palmitic acid (C16:0) levels in TGs isolated
from livers of PHE-injected mice (Figure 2H). More
specific analysis based on the differences in fatty acid
composition in the hepatic TG subfractions allowed us to
discriminate each experimental group using oPLS-DA
(supplementary material, Figure S3A). Furthermore,
hierarchical clustering showed differential lipidic pro-
files that were associated with lipidic composition in
response to hemolysis (supplementary material,
Figure S3B). Intravascular hemolysis in mice also raised
the serum concentration of total cholesterol, LDL-c,
HDL-c, and TGs (Figure 2I).

Intravascular hemolysis modulates fatty acid uptake
both in vivo and in vitro

We next examined possible mechanisms responsible for
the increased hepatic accumulation of lipids in response
to hemolysis. In the livers of PHE-injected mice, we
detected a significant increase in gene and protein
expression levels of CD36 and MSR1, two key proteins
involved in the hepatic uptake of fatty acids [36]
(Figure 3A-C). Since hemolysis was associated
with serum hypercholesterolemia, the expression of
proprotein convertase subtilisin/kexin type 9 (PCSK9)
and LDLR was evaluated [37]. Our results revealed that
intravascular hemolysis increased PCSK9 mRNA and
protein expression in the liver (Figure 3D,F), whereas
reduced hepatic protein LDLR levels were observed
(Figure 3E,F). Similar effects were found in heme-
stimulated HepG2 cells (Figure 3G-I). Taken together,
these data suggest a direct effect of heme on lipid
uptake in the liver.

© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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Intravascular hemolysis elicits hepatic deregulation
of fatty acid biosynthesis in mice

We first analyzed three transcription factors that regulate
lipid metabolism, named sterol regulatory element
binding protein 1 (Srebpl), carbohydrate response
element-binding protein (ChREBP/mLxipl), and peroxi-
some proliferator-activated receptor-y (Ppary). Mice
subjected to intravascular hemolysis showed a significant
reduction in gene expression levels of Chrebp/mlLxipl
and Ppary (Figure 4A), while Srebpl was increased
(Figure 4A). These results were confirmed at the protein
level as high expression of the precursor, and mature
forms of SREBP1 was noted (Figure 4B). Experiments
in heme-stimulated HepG2 cells also reported increased
gene and protein expression of SREBP1 (Figure 4C,D).

Considering that both oleic and palmitoleic acids are
end products of DNL (via acetyl-coA produced by either
lipids or glucose), we further investigated whether the
hepatic increase of these species was related to DNL. In
this regard, hemolysis reduced the gene expression and
protein levels of fatty acid synthetase (Fasn), which is
involved in DNL, in particular C16:0 [17] (Figure 4A,E).
To further rule out the role of DNL, mice received
3C-acetate in drinking water from 4 h before PHE
administration until sacrifice (72 h after induction of
hemolysis). As reported by GC-MS analysis, mice
receiving '*C-acetate showed higher incorporation of this
tracer, independently of the presence of hemolysis.
However, in the group of hemolyzed mice, '*C-acetate
enrichment in palmitic acid (C16:0), stearic acid (C 18:0),
and oleic acid (C18:1) species was lower compared to
controls (supplementary material, Figure S4A—C).

In contrast, in livers from mice with hemolysis, no
significant differences in protein levels were observed in
diglyceride acyltransferase 2 (Dgat2), an enzyme that
participates in the synthesis of TGs in vivo (Figure 4E).
However, the protein levels of this enzyme were
increased in cultured hepatocytes stimulated with heme
(Figure 4F).

Intravascular hemolysis in mice causes hepatic
derequlation of cholesterol biosynthesis

Hemolysis increased hepatic mRNA levels for enzymes
involved in cholesterol biosynthesis [hydroxy-
3-methylglutaryl-coenzyme A synthase 1 (Hmgcl)]
and the formation of cholesterol esters [lecithin-cholesterol
acyltransferase (Lcaf)] and Sterol O-Acyltransferase
1 (Soatl) (Figure 4G). In addition, PHE-injected mice also
showed increased gene and protein levels of srebp2, the
transcription factor that regulates cholesterol biosynthesis
(Figure 4G,H). Experiments in heme-stimulated HepG2
cells also manifested increased SREBP2 gene and protein
expression (Figure 4C,I). The increase in these markers
suggests an upregulation of cholesterol biosynthesis. To
confirm this hypothesis, we determined the incorporation
of "3C-acetate into the cholesterol fraction in the liver of
mice with hemolysis by GC-MS. As shown in supplemen-
tary material, Figure S4D, the livers of mice with
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Figure 3. Intravascular hemolysis increases lipid uptake mechanisms, including LDLR/PCSK9 modulation in mice liver and HepG2 cells. Mice were
injected with PHE (150 mg/kg) or saline (control) and then sacrificed at 72 h. (A) Cd36 and Mrs1/Cd204 mRNA levels in hepatic tissue were assessed
using RT-qPCR. (B) Representative western blot and (C) quantification of protein levels of CD36; MRS-1/CD204 in hepatic tissue lysates. (D) Pcsk9
mRNA levels in hepatic tissues were assessed using RT-qPCR. (E) LDLR protein expression in paraffin-embedded liver sections was evaluated using
immunohistochemistry. Figures show a representative mouse from each group. Scale bar, 100 um. (F) Representative western blot and quantification
of protein levels of LDLR and PCSK9 in hepatic tissue lysates. Mean + SEM of five to eight mice per group, *p < 0.05; ™ p < 0.01 versus control. In
other sets of experiments, HepG2 cells were stimulated with heme (5 pwm) for 24 h. (G) CD36 mRNA levels in HepG2 cells were assessed using
RT-qPCR. (H) Protein levels of CD36 and MRS-1/CD204 assessed using western blotting. (I) Protein levels of LDLR and PCSK9 assessed using western
blotting. GAPDH levels were used as loading control. MRS1 and LDLR blots in (B) and (F) have the same loading control (GAPDH). Figure shows a
representative western blot and data quantification. Mean + SEM of three to six experiments, “*p < 0.01; **p < 0.001 versus control.
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Figure 4. Intravascular hemolysis increases hepatic DNL factors, cholesterol biosynthesis, and the transport/efflux of active cholesterol in mice and
HepG2 cells. Mice were injected with PHE (150 mg/kg) or saline (control) and then sacrificed after 72 h. (A) Srebp1; Chrebp/mLxip1; Fasn and Pparg
mRNA levels were assessed in hepatic tissue using RT-qPCR. (B) Representative western blot and quantification of precursor (p) and mature
(m) SREBP1 protein levels in hepatic tissue lysates. (C) SREBPT and SREBP2 mRNA levels in HepG2 cells stimulated with heme (5 pm) for 24 h were
assessed using RT-qPCR. (D) Protein levels of precursor (p) and mature (m) SREBP1 assessed using western blotting. (E) Protein levels of FASN and
DGAT2 using western blotting. (F) Protein levels of DGAT2 were assessed using western blotting in HepG2 cells stimulated with heme (5 uwm) for 24 h.
(G) Hepatic levels of cholesterol biosynthesis mRNAs Hmgc1, Lcat, Soat1, and Srebp2 were assessed using RT-qPCR. (H) Protein levels of SREBP2
assessed using western blotting in PHE-injected mice and controls. (I) Protein levels of SREBP2 in HepG2 cells stimulated with heme (5 uw) for 24 h
were assessed by western blotting. (J) Abca? and AbgcT mRNA levels in hepatic tissue were assessed using RT-qPCR. GAPDH levels were used as
loading control. Figure shows a representative western blot and the quantification of the data. Mean + SEM of five to eight mice per group,
*p < 0.05; ™p < 0.01 versus control, or as the mean + SEM of three to six experiments, *p < 0.05; *p < 0.01 versus control.
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Figure 5. Intravascular hemolysis increases reverse cholesterol transport and blocks autophagosome maturation in mice liver and HepG2
cells. Mice were injected with PHE (150 mg/kg) or saline (control) and sacrificed after 72 h. (A) Scarb7 mRNA levels in hepatic tissue were
assessed using RT-qPCR. (B) Protein levels of SRB1 assessed using western blotting. (C) HepG2 cells were stimulated with heme (5 pwm) for
24 h. Scarb1 mRNA levels were assessed using RT-qPCR. (D) Protein levels of SRB1 assessed using western blotting. (E) Representative
western blot and quantification of protein levels of LC31I/LC3I ratio and p62/SQSTM1 in hepatic tissue lysates. Mean + SEM of five to eight
mice per group, **p < 0.01 versus control. (F) HepG2 cells were stimulated with heme (5 pm) for 24 h to determine LC3II/LC3I ratio and
p62/SQSTM1 protein levels using western blotting. GAPDH levels were used as loading control. Figure shows a representative western blot
and the quantification of the data. Mean + SEM of three to six experiments, **p < 0.01; ***p < 0.0001 versus control.
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Figure 6. The induction of lipophagy by rapamycin diminishes heme-mediated toxicity, lipid deposition, DNL markers, cholesterol biosyn-
thesis, and reverse cholesterol transport in cultured hepatocytes. HepG2 cells were pretreated with rapamycin (1 um) for 1 h and then
exposed to heme (5 pw) for 24 h. (A) Lipid deposition was evaluated in HepG2 cells by Oil Red O staining. Figures show a representative image
from each experimental condition. Scale bar, 100 um. (B) Viability assay of HepG2 cells assessed by MTT staining. (C) Protein levels of
Perilipin 1 assessed using western blotting. GAPDH levels were used as loading controls. Figure shows a representative western blot and
quantification of data. (D) Representative western blot and quantification of protein levels of precursor (p) and mature (m) SREBP1 in HepG2
cell lysates. Protein levels of (E) SREBP2, (F) DGAT2, and (G) SRB1 assessed using western blotting. Mean + SEM of three to six experiments,
*p < 0.05; ™p < 0.01 versus control. #p < 0.05; ##p < 0.01 versus heme.
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hemolysis fed with 13C-acetate showed a trend nonsignif-
icant enrichment of labeled cholesterol compared to
healthy mice treated with this tracer (no variation was
observed in control/hemolysis animals fed with unlabeled
acetate).

Intravascular hemolysis increases cholesterol efflux
and reverse transport in the liver

We also analyzed the gene expression of ATP-binding
cassette subfamily A member 1 (Abcal) and subfamily
G member 1 (Abcgl). In livers from mice subjected to
intravascular hemolysis, we observed a clear upregulation
of Abcgl, while no significant changes were observed in
Abcal (Figure 4J). In addition to cholesterol reverse
transport, we also analyzed the gene expression levels
of the receptor scavenger SRB1. We observed increased
mRNA and protein levels of the ScarbI/SRBI in
PHE-injected mice (Figure 5A,B) and heme-stimulated
hepatocytes (Figure 5C,D).

Intravascular hemolysis impairs hepatic lipophagy by
blocking autophagosome maturation in vivo and in
cultured hepatocytes

We analyzed the role of autophagy in the deregulation
of lipid metabolism associated with intravascular
hemolysis. To this end, we studied the protein levels
of some key regulators of the autophagy-signaling
pathway, such as LC3I, LC3II, and p62/SQSTMI1. We
found an increased LC3II/LC3I ratio in PHE-injected
mice, indicating an increase of autophagosome content
(Figure 5E). On the other hand, p62/SQSTMI1 protein
levels were also increased in response to intravascular
hemolysis, indicating a blockade of autophagosome-
lysosome fusion pathway and the consequent accumu-
lation of autophagy substrates in the liver (Figure 5E).
Similar results were observed in heme-stimulated hepa-
tocytes (Figure S5F).

Induction of lipophagy by rapamycin diminished lipid
deposition and reverse cholesterol transport in
cultured hepatocytes

Finally, we analyzed whether the induction of autophagy
by rapamycin ameliorated heme-mediated harmful
effects. In HepG2 cells, rapamycin reduced heme-
mediated microvesicular lipid content (Figure 6A), tox-
icity (Figure 6B), and Perilipin 1 content (Figure 6C).
We next analyzed the effects of rapamycin on metabolic
pathways altered in response to heme. Interestingly,
rapamycin reduced heme-mediated upregulation of the
precursor and mature form of SREBP1 (Figure 6D) and
DGAT2 (Figure 6F), whereas no differences were
reported in SREBP2 protein expression (Figure 6E).
Finally, rapamycin also downregulated reverse choles-
terol transport induced by heme (Figure 6G).

© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

Discussion

In this article we have demonstrated, for the first time,
the dysregulation of lipid metabolism and development
of liver steatosis in a preclinical model of intravascular
hemolysis. In the liver, overload of Hb and its heme
derivates promotes hepatic accumulation of lipids,
mainly derived from increased lipid uptake and choles-
terol synthesis but not from DNL. These pathogenic
mechanisms may be associated with the dysregulation
of autophagy and may be involved in the progression of
hepatic damage in patients with severe hemolytic crisis.

The liver is involved in the scavenging of senescent
red blood cells, cell-free Hb and heme, and iron
recycling [38]. However, exacerbated release of heme
derivates during massive intravascular hemolysis results
in the accumulation of these toxic molecules in the liver,
promoting deleterious side effects [3—5,7]. Clinical stud-
ies reported liver injury in 10-40% of patients with
SCD [8]. Hepatic damage was also observed in animals
affected by SCD [39], malaria [40], or other hemolytic
entities [9,11,12]. In these pathological settings,
hepatic injury was characterized by the presence of
necrotic areas, lipid peroxidation, inflammation, and
elevated serum bilirubin levels [41-45]. In our experi-
mental model, intravascular hemolysis triggered liver
injury, as demonstrated by a marked increase of serum
transaminases and histological alterations, including
hepatocellular ballooning, microvesicular steatosis, and
inflammatory clusters, as well as exacerbated expression
of inflammatory mediators and markers of oxidative
stress. Exposure of cultured hepatocytes to heme
increased oxidative stress and promoted inflammatory
cytokine release, confirming the deleterious effect of
heme derivates in the liver.

The liver also plays a key role in the regulation of lipid
metabolism. However, the effects of hemolysis on
lipid metabolism are not fully understood. Some studies
have described the presence of hypocholesterolemia in
patients with SCD [46-48], whereas another has reported
opposite results [49]. Our results showed increased serum
concentrations of total cholesterol, LDL-c, HDL-c, and
TGs, as well as increased deposition of lipid droplets in
the liver of mice with intravascular hemolysis. Similar
results were observed in heme-stimulated hepatocytes,
where we also reported increased Perilipin 1 expression,
one of the proteins responsible of lipid droplet coating.
Induction of hemolysis also increased fatty acid levels in
liver, mainly oleic, palmitoleic, and palmitic acid. These
molecules have been found elevated in livers from
NAFLD patients, being related to hepatic lipotoxicity
[50-52]. In fact, upregulation of lipogenesis has been
associated with NAFLD development [36,53-57]. There
is little information about the presence of liver steatosis in
patients with intravascular hemolysis. A few studies have
reported fatty changes in the liver from patients with SCD
[58,59] or malaria [60—63]. Hepatic infiltration of fatty
acids was also reported in rare cases of acute hemolytic
syndromes [64—66]. Thus, this limited amount of
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evidence suggests that it is necessary to validate our
results before confirming their translational relevance.

Hepatic damage could be associated with an imbalance
between the synthesis and catabolism of lipids, triggering
the accumulation of toxic lipidic species that may pro-
mote inflammation, oxidative stress, and cell death [67].
Several lipid-associated metabolic changes have been
reported in NAFLD, including increased fatty acid
uptake, DNL, and TG synthesis [68]. We explored
whether these metabolic pathways were disturbed in
response to hemolysis, to gain insight on the increased
lipid content observed in the liver. The transcriptional
regulation of DNL is mainly directed by two transcription
factors: SREBP1 and ChREBP/mLxipl [69-71]. We
observed a significant increase at the gene and protein
levels of SREBP1 and a reduction in gene expression of
ChREBP/mLxipl in mice subjected to intravascular
hemolysis. These changes may induce dysregulation of
key enzymes involved in the synthesis of cholesterol and
TGs, such as HMGC1, LCAT, and the factor responsible
for controlling cholesterol biosynthesis, SREBP2, as
reported in our article. We also observed that hemolysis
elicited liver expression of CD36 and MSRI1, receptors
involved in lipid uptake of long-chain fatty acids [36].
Similar results were obtained in cultured hepatocytes
stimulated with heme, suggesting increased lipid trans-
port in response to heme. Such marked uptake was
coupled to increased TG synthesis, attested by the
increase in DGAT?2 in vivo and in vitro. We finally
explored whether the increased fatty acid deposition in
liver from mice with hemolysis was driven by hepatic
DNL. Our results seem to reject such a hypothesis, given
the significant reduction of FASN (a multifunctional
enzyme that specifically catalyzes DNL), and the lack of
differences between control and treated mice regarding
transformation of labeled dietary acetate into hepatic fatty
acids.

The transport and efflux of cholesterol play an impor-
tant role in hepatic lipid homeostasis [72]. ABCA1 and
ABCG1 are involved in cholesterol efflux and intracel-
lular cholesterol homeostasis using ATP to transport
fatty acids from the inner part of the plasma membrane
to extracellular lipophilic acceptors, such as apolipopro-
teins or HDL. In the hemolysis group, we observed an
upregulation of Abcgl gene expression, but not for
Abcal. Studies in mice fed a high-cholesterol diet dem-
onstrated upregulation of Abcg I expression in parenchy-
mal liver cells, whereas the gene blockade of this
molecule induced hepatic lipid accumulation [73-75].
The SR-BI is a scavenger receptor associated with the
selective uptake or influx of HDL-derived cholesteryl
esters and other lipids from HDLs and LDLs to cells
[76,77]. Interestingly, hemolysis increased gene and
protein expression of SR-B1, suggesting dysregulation
of reverse cholesterol transport. PCSK9 is a circulating
serine protease that effectively binds to LDLR and leads
to its intracellular degradation in the liver [78].
Therefore, increased PCSK9 levels may impair liver
LDL uptake, resulting in increased LDL cholesterol
plasma concentration [37]. We also demonstrated

© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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diminished hepatic LDL uptake in response to hemolysis,
as demonstrated by reduced gene and protein levels of
LDLR and increased hepatic expression of PCSKO,
a protease that blocks intracellular degradation of
LDLR [37]. Since decreased LDL uptake contributes to
hypercholesterolemia [79,80], these results may explain
the elevated serum LDL-c levels observed after induction
of hemolysis.

Another key finding of our study is the alteration of
autophagy as a mechanism associated with liver toxicity
in response to intravascular hemolysis. Excessive lipid
accumulation in the liver induces toxicity and NAFLD
[81-84]. Autophagy restrains the deleterious effects of
lipid species by promoting their degradation in lyso-
somes (lipophagy) [30]. LC3-II levels, one of the com-
ponents of the autophagosomal membranes, reflect the
balance in the autophagosome turnover, but cannot
represent the autophagy flux [85]. In contrast,
p62/SQSTMI is a substrate in the autophagic process
and a key protein in autophagic flux [86]. The accumu-
lation of p62/SQTSMI1 in hepatic cells of NAFLD
patients indicated autophagy flux blockage [87]. In vitro
studies in endothelial cells stimulated with heme dem-
onstrated that the blockade of autophagy increased cell
death and promoted damage via induction of lipid
peroxidation [88]. Accordingly, we demonstrated that
heme accumulation hastened the autophagy process in
response to liver damage, modulating LC3II/LC3I ratio
and p62/SQSTMI1 both in vivo and in vitro. These obser-
vations suggest that hemolysis increased autophagosome
formation but disrupted autophagic flux by the accumu-
lation of p62/SQSTMI1. The beneficial effects of activa-
tion of autophagy against liver damage are well known
[31,89]. A crosstalk between the autophagic process and
lipid homeostasis was described to provide energy and
essential substrates for liver functions. Breaking down
lipid droplets compensates for the lack of energy in the
liver by lipophagy [90,91]. The blockade of autophagy
in vivo and in vitro increased triacylglycerols and LDL
levels [91]. In addition, a study in an animal model of
nonalcoholic steatohepatitis showed that the modulation
of the mTORCI1 signaling pathway protected from
hepatic steatosis through the control of lipid export and
DNL [92]. The use of rapamycin (mTOR inhibitor) in
mice with NAFLD also ameliorated hepatic steatosis and
liver injury by diminishing DNL and promoting PPARa-
mediated fatty acid oxidation [93]. In accordance with
this, our study demonstrated that rapamycin reduced
heme-mediated hepatotoxicity and decreased the accumu-
lation of microvesicular lipid droplets and Perilipin 1
protein levels in HepG2 cells. In addition, the treatment
of HepG2 cells with rapamycin reduced the protein levels
of SREBP1 and one of the enzymes that regulate the
synthesis of TGs, DGAT2. We also observed a reduction
of heme-mediated SR-B1 upregulation in cells pretreated
with rapamycin, suggesting a modulation of reverse cho-
lesterol transport.

In conclusion, this study demonstrated that the
hepatotoxic effect of heme accumulation, as a conse-
quence of intravascular hemolysis, triggered NAFLD.
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Thus, intravascular hemolysis deregulated lipid metab-
olism, producing increased hepatic TG accumulation,
cholesterol biosynthesis, LDLR/PCSK9 modulation,
and regulation of reverse cholesterol transport. In studies
in hepatocytes, we identified the impairment of lipophagy
as a consequence of heme accumulation, demonstrating
that autophagy induction by rapamycin could be a poten-
tial therapeutic option to reduce the deleterious effects of
intravascular hemolysis by modulating lipid homeostasis
(Figure S5). However, additional studies in animal models
of intravascular hemolysis are needed to corroborate these
potential beneficial effects of autophagy inducers. Despite
this limitation, the findings revealed by our study may
have high translational value as a novel NAFLD-
promoting mechanism in patients suffering from severe
hemolysis episodes.
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