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Original Article
Hepatic retinol dehydrogenase 11 dampens
stress associated with the maintenance of
cellular cholesterol levels
Michael F. Keating1,2, Christine Yang1, Yingying Liu1, Eleanor AM. Gould1, Mitchell T. Hallam1,4,
Darren C. Henstridge3, Natalie A. Mellett1, Peter J. Meikle1,2,4,5, Kevin I. Watt6, Paul Gregorevic7,8,9,
Anna C. Calkin1,2,4,10, Brian G. Drew1,2,4,5,*,10
ABSTRACT

Objective: Dysregulation of hepatic cholesterol metabolism can contribute to elevated circulating cholesterol levels, which is a significant risk
factor for cardiovascular disease. Cholesterol homeostasis in mammalian cells is tightly regulated by an integrated network of transcriptional and
post-transcriptional signalling pathways. Whilst prior studies have identified many of the central regulators of these pathways, the extended
supporting networks remain to be fully elucidated.
Methods: Here, we leveraged an integrated discovery platform, combining multi-omics data from 107 strains of mice to investigate these
supporting networks. We identified retinol dehydrogenase 11 (RDH11; also known as SCALD) as a novel protein associated with cholesterol
metabolism. Prior studies have suggested that RDH11 may be regulated by alterations in cellular cholesterol status, but its specific roles in this
pathway are mostly unknown.
Results: Here, we show that mice fed a Western diet (high fat, high cholesterol) exhibited a significant reduction in hepatic Rdh11 mRNA
expression. Conversely, mice treated with a statin (3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGCR) inhibitor) exhibited a 2-fold increase
in hepatic Rdh11 mRNA expression. Studies in human and mouse hepatocytes demonstrated that RDH11 expression was regulated by altered
cellular cholesterol conditions in a manner consistent with SREBP2 target genes HMGCR and LDLR. Modulation of RDH11 in vitro and in vivo
demonstrated modulation of pathways associated with cholesterol metabolism, inflammation and cellular stress. Finally, RDH11 silencing in mouse
liver was associated with a reduction in hepatic cardiolipin abundance and a concomitant reduction in the abundance of proteins of the mitochondrial
electron transport chain.
Conclusion: Taken together, these findings suggest that RDH11 likely plays a role in protecting cells against the cellular toxicity that can arise as
a by-product of endogenous cellular cholesterol synthesis.

� 2024 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).

Keywords Cholesterol metabolism; Lipid metabolism; Oxidative stress; Inflammation; Lipidomics; Mitochondrial biology; Systems genetics
1. INTRODUCTION

Cholesterol homeostasis is critical for the normal functioning of
mammalian cells. Specifically, cholesterols contribute to the mainte-
nance of plasma membrane structure, act as signalling molecules and
as precursors for numerous metabolites including steroid hormones
[1]. In mammals, the primary site of endogenous cholesterol synthesis
is the liver. This process is principally driven by two transcription
factors, sterol response element binding protein (SREBP) 2 and liver X
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receptor (LXR), which act in an opposing manner to promote choles-
terol synthesis and uptake, and cholesterol efflux, respectively [2,3].
Dysregulation of hepatic cholesterol homeostasis can precipitate
elevated serum cholesterol levels, known as hypercholesterolemia,
which is a significant risk factor for cardiovascular diseases (CVD) [4].
The strong association between hypercholesterolemia and CVD has
fuelled interest in understanding the regulatory pathways that
contribute to cholesterol homeostasis, with the hope of identifying
novel targets for therapeutic intervention. One approach to identify
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Original Article
novel drivers of complex traits such as hypercholesterolemia is to
utilise genetic reference panels (GRPs). GRPs exploit model organisms
such as mice, fruit flies or roundworms, and investigate how genetic
variance influences phenotypic outcomes, a process analogous to
human genome wide association studies. GRPs have been utilised to
identify numerous novel loci implicated in conditions associated with
lipid dysregulation, including obesity [5]. Indeed, our group has pre-
viously demonstrated the utility of a mouse GRP known as the Hybrid
Mouse Diversity Panel (HMDP) to map genes important in the regu-
lation of lipid metabolism [6]. Specifically, by integrating plasma and
liver proteomic and lipidomic analyses, we could successfully identify
both known and novel regulators of hepatic lipid metabolism [6]. Here,
we utilise these previously generated datasets to identify novel proteins
associated with cholesterol metabolism, including retinol dehydroge-
nase 11 (RDH11).
RDH11 is a microsomal short chain dehydrogenase/reductase that has
oxido-reductive affinity for all trans and cis retinols, retinals and alde-
hyde species [7]. Initial RDH11 characterisation studies demonstrated
that it was highly expressed in the human prostate epithelium [8]. These
studies also identified RDH11 to be responsive to synthetic androgens.
Further studies have suggested that mouse RDH11 could react with
toxic C2eC12 fatty aldehyde species, including 4-hydroxy-2-nonenal, to
produce non-toxic fatty alcohol species [9]. More recently, studies in
retinal pigment epithelial cells have implicated RDH11 in maintaining
healthy visual function, acting to replenish all-trans and 11-cis aldehyde
isomers [10]. Brown and Goldstein have previously suggested that
RDH11 expression is induced by SREBPs [9]. Similarly, expression array
analysis utilising human immortalised lymphoblastoid cell lines
exposed to simvastatin demonstrated that RDH11 correlated with 3-
hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGCR) [11], the
rate-limiting enzyme in the cholesterol biosynthesis pathway. More-
over, analysis of multi-species transcriptomic data by Gene-Module
Association Determination, and Module-Module Association Determi-
nation, suggested that the function of RDH11 may relate to cholesterol
metabolism and be conserved across humans and rodents [12]. Very
recently, RDH11 was further identified through a genetic screen of 35
strains of mice to be co-correlated with cholesterol biosynthetic genes
[13], and subsequently suggested in that study to be involved in the
modulation of endogenous cholesterol levels in cultured cells.
Here, we examined the role of RDH11 both in vitro and in vivo in the
context of cholesterol metabolism, to build on its recognised functions
as well as its potential roles in inflammatory and oxidative pathways.

2. RESULTS

2.1. Identification of RDH11 utilising the hybrid mouse diversity
panel
To identify potential novel regulators of hepatic cholesterol metabolism
we examined a multi-omics dataset derived from the hybrid mouse
diversity panel (HMDP) [6]. Briefly, 107 strains of inbred mice from the
HMDP (n ¼ 2e3 mice per strain; 307 mice in total) were fed a chow
diet for approximately 8 weeks. Mice were fasted overnight, then blood
and tissue collected for proteomic and lipidomic phenotyping
(Figure 1A). Specifically, liver proteomic analysis detected 8370 pro-
teins, of which 4311 proteins were present across at least 50 strains.
Lipidomic analysis of the liver and plasma quantified 313 and 307 lipid
species, respectively. From these data we constructed proteineprotein
co-correlations across the HMDP using known regulators of cholesterol
metabolism. This included NAD(P) Dependent Steroid Dehydrogenase-
Like (NSDHL), Acyl-coenzyme A synthetase short-chain family member
2 (ACSS2), Farnesyl pyrophosphate synthase (FDPS), Cytochrome
2 MOLECULAR METABOLISM 90 (2024) 102041 � 2024 The Author(s). Published by Elsevier GmbH
P450 Family 51 Subfamily A Member 1 (Cyp51a1), Transmembrane 7
Superfamily Member 2 (TM7SF2), Isopentenyl-Diphosphate Delta
Isomerase 1 (IDI1) and 24-Dehydrocholesterol Reductase (DHCR24).
This approach was performed on the premise that proteins with related
functions are likely to be co-regulated, and thus high concordance in
their correlation structure will provide an informative insight into pro-
teins that participate in related pathways, and indeed, we showed this
to be true for many pathways in our previous study [6]. This analysis
identified both known and novel proteins that co-correlated with the
aforementioned established regulators of cholesterol metabolism
(Figure 1BeD; Supp Figure 1A-D). RDH11 was amongst the top 25
statistically significant proteins that correlated with all seven choles-
terol biosynthetic proteins for which proteineprotein correlation ana-
lyses were performed. We also performed protein-lipid correlation
analyses utilising liver and plasma lipidomic analyses. Despite the co-
correlation with known regulators of cholesterol metabolism, analyses
revealed that RDH11 did not significantly correlate with hepatic or
plasma total cholesterol ester (CE) or hepatic free cholesterol (COH)
abundance across the HMDP (Supp Figure 1E-G; Supp Tables 2 and 3),
however, there was a significant correlation with plasma COH levels
(p < 0.05; Supp Figure 1H).
Next, we used RDH11 as a seed (hub) protein and performed a co-
correlation analysis across the HMDP liver proteome (Figure 1E). The
top statistically significant protein correlation with RDH11 was trans-
membrane 7 Superfamily Member 2 (TM7SF2), a core cholesterol
biosynthesis enzyme (bicor 0.5455; q ¼ 4.7 � 10�24). Moreover, of
the top 50 statistically significant proteins that correlated with RDH11,
15 of which were linked to lipid metabolism, including both cholesterol
synthesis and fatty acid metabolism. Moreover, pathway enrichment
analysis of these correlated proteins identified processed linked to lipid
metabolism as well as mitochondrial biology to be the most enriched
(Figure 1F). Taken together, these data are suggestive of a role for
RDH11 in the context of cholesterol metabolism, with the potential to
impact on associated pathways including oxidative stress.

2.2. Endogenous RDH11 gene expression is transcriptionally
regulated by intracellular cholesterol status
Given this strong correlative evidence suggesting a role for RDH11 in
cholesterol metabolism, we next sought to examine whether hepatic
Rdh11 mRNA expression in mice was modulated by an altered
cholesterol environment. Indeed, we demonstrated this was the case.
Specifically, mice fed a western diet (high fat, high cholesterol; WD)
exhibited a significant reduction in hepatic Rdh11 mRNA expression
compared to mice fed a chow diet for 16 weeks (p < 0.001;
Figure 2A). In contrast, mice fed a high fat diet (HFD), which lacks
cholesterol, had no effect on hepatic Rdh11 mRNA expression
compared to chow fed mice, suggesting that RDH11 expression was
responsive to the presence of cholesterol rather than excess dietary
fat. Conversely, hepatic Rdh11 mRNA expression was significantly
increased in mice that received the 3-hydroxy-3-methyl-glutaryl-
coenzyme A reductase (HMGCR) inhibitor, simvastatin, for 2 weeks,
compared to those that received vehicle control (p < 0.05;
Figure 2B). These findings highlight the reciprocal transcriptional
regulation of RDH11 in response to an altered cholesterol
environment.
To further explore the transcriptional regulation of RDH11 in the setting
of altered cholesterol metabolism, we utilised a human hepatoma cell
line, Hep3B. These cells were exposed to altered sterol conditions that
mimic a high or low cholesterol environment, for 24 h. To confirm that
our cholesterol modulating agents were working as expected, we
assessed the mRNA expression of three key genes integral to the
. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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Figure 1: Co-correlation analysis of liver proteomics data from the hybrid mouse diversity panel (HMDP) identified retinol dehydrogenase 11 (RDH11) as a potential
novel regulator of cholesterol metabolism (A) Schema of the Hybrid Mouse Diversity Panel (HMDP) discovery platform published in Parker et al. [6]; (BeD) Linear corrected
hepatic protein co-correlation networks of top 25 proteins significantly associated with known regulators of cholesterol metabolism (white nodes; centre) including (B) NAD(P)
dependent steroid dehydrogenase-like (NSDHL), (C) acyl-coA synthetase short-chain family member 2 (ACSS2) and (D) farnesyl diphosphate synthase (FDPS) across at least 50
strains of mice from the HMDP, with RDH11 highlighted in black oval; (E) Linear corrected hepatic protein co-correlation network of top 50 proteins significantly associated with
RDH11 across at least 50 strains of mice from the HMDP. B-E, line width (black > grey) is indicative of statistical significance following Benjamini Hochberg correction; Colour of
node indicates bicorrelation (bicor) direction and strength as indicated in key. (F) Pathway enrichment analysis of the 422 proteins significantly correlated with RDH11 across the
HMDP following Benjamini Hochberg correction. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article).
regulation of cellular cholesterol; the low-density lipoprotein receptor
(LDLR; uptake), HMGCR (synthesis) and ATP binding cassette A1
(ABCA1; efflux). In response to conditions mimicking a high cholesterol
environment, including full serum (FS), and 25-hydroxycholesterol
(25HC), LDLR and HMGCR mRNA expression were reduced
compared to control (lipoprotein deficient serum alone, LPDS) but not
with cholesterol loaded cyclodextrin (CD/Chol) treatment (Figure 2C).
Whilst ABCA1 expression was increased in response to 25HC, CD/Chol
and in response to treatment with T0901317 (T0) compound, a
MOLECULAR METABOLISM 90 (2024) 102041 � 2024 The Author(s). Published by Elsevier GmbH. This is an
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synthetic LXR agonist which promotes ABCA1 expression (Figure 2C).
In response to agents that mimic a low cholesterol environment
(compactin/mevalonate, CPN/Mev and cyclodextrin, CD), an opposing
effect was observed (Figure 2C). RDH11 mRNA expression was altered
by these cellular treatments in a manner consistent with LDLR and
HMGCR (LPDS vs 25HC, p< 0.05; LPDS vs CPN/Mev, p< 0.01; LPDS
vs CD p < 0.05; Figure 2D). These data demonstrate that RDH11
expression in the liver is likely regulated by SREBP2, albeit to a lesser
degree than LDLR and HMGCR under these conditions.
open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/). 3
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Figure 2: Retinol dehydrogenase 11 is transcriptionally responsive to altered cholesterol conditions Hepatic retinol dehydrogenase 11 (RDH11) mRNA expression in (A)
mice fed a chow, high fat diet (HFD) or western diet (WD) for 16 weeks (n ¼ 4e5/group) and (B) mice administered vehicle or simvastatin daily for 14 days (n ¼ 8e9/group); (C)
mRNA expression of low density lipoprotein receptor (LDLR), 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGCR), ATP binding cassette transporter A1 (ABCA1) and (D)
RDH11 in Hep3B cells treated with agents to induce high or low cholesterol conditions as indicated; mRNA expression in (E) Hep3B cells and (F) mouse primary hepatocytes
exposed to cholesterol conditions as indicated; FS, full serum; LPDS, lipoprotein deficient serum; CPN/Mev compactin/mevalonate; 25HC, 25-hydroxycholesterol; CD, cyclodextrin;
CD/Chol, cyclodextrin loaded cholesterol; T0, T0901317; LDL-C, low density lipoprotein cholesterol; Data presented as mean � SEM; (CeF) n ¼ 3 independent experiments,
performed in triplicate. Data were analysed by Kruskal Wallis test (A, CeF), one-way ANOVA (E, F) or unpaired t-test (B); *p < 0.05, **p < 0.01 ***p < 0.001 and
****p < 0.0001.

Original Article
To further confirm that the transcriptional regulation of RDH11 was
sensitive to cellular cholesterol status, we performed add-back ex-
periments in Hep3B cells and mouse primary hepatocytes (Figure 2E,
F). In human Hep3B cells, upon depletion of intracellular cholesterol
levels for 48 h, mRNA expression of the SREBP2 target genes, LDLR
and HMGCR, was increased compared to FS (LDLR, p < 0.05; HMGCR
p < 0.01; Figure 2E). Conversely, ABCA1 mRNA expression was
significantly reduced (p < 0.01). When cells were depleted of
cholesterol for 24 h, followed by LDL cholesterol (LDL-C) add-back for
4 MOLECULAR METABOLISM 90 (2024) 102041 � 2024 The Author(s). Published by Elsevier GmbH
a further 24 h (total 48 h) to raise intracellular cholesterol levels, mRNA
expression of SREBP2 genes reverted to levels observed with FS, with
an even greater effect seen with 25HC add-back (HMGCR, p < 0.05).
Like LDLR and HMGCR, RDH11 mRNA expression was also increased
in response to LPDS (p < 0.05), and was significantly reduced with
supplementation of 25HC, compared to FS (p < 0.05).
To confirm that these observations were not cell line or species spe-
cific, we performed replicate studies in mouse primary hepatocytes.
Whilst greater variability was observed in mouse hepatocytes, the data
. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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mostly recapitulated that observed in human Hep3B cells, with the
magnitude of response of Rdh11 mRNA expression to altered
cholesterol conditions similar to that seen with Ldlr and Hmgcr
(Figure 2F). Together, these data confirm the responsiveness of RDH11
mRNA expression to altered cholesterol levels per se, and further
highlight the similarity in the transcriptional profile of RDH11 to other
SREBP2 target genes in both mouse and human systems.

2.3. RDH11 modulates markers of cholesterol metabolism,
inflammation and oxidative stress in vitro
Having observed that RDH11 mRNA expression is altered in relation to
cholesterol exposure, we sought to determine whether RDH11 played a
causal role in the regulation of cholesterol metabolism in vitro. Hep3B
Figure 3: Retinol dehydrogenase 11 drives changes in genes linked to cholestero
expression of (A, C) RDH11 (B, D) genes linked to cholesterol metabolism and (E, F) gene
empty vector (control) or pcDNA:RDH11 for 24 h or (C, D, F) scramble siRNA (control) or siR
(LC; LPDSþ5 mM compactin þ 50 mM mevalonate) environment for 24 h and expressed re
lipoprotein receptor; HMGCR, 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase; ABCA1
dismutase 1; AP-1, activator protein 1, NFKB1, nuclear factor NF-kappa-B1; NRF2, nuclea
n ¼ 3e5 independent experiments, performed in triplicate. Data were analysed by Manne
(D, F) *p < 0.05, **p < 0.01 ***p < 0.001 and ****p < 0.0001.

MOLECULAR METABOLISM 90 (2024) 102041 � 2024 The Author(s). Published by Elsevier GmbH. This is an
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cells were transiently transfected with an empty vector (control) or
plasmid containing the RDH11 cDNA for 24 h, then subjected to high or
low cholesterol conditions for a further 24 h. We observed a significant
w2-fold increase in RDH11 expression in control treated cells in
response to a low cholesterol environment, consistent with findings
shown above (p < 0.01; Figure 3A). Similarly, we confirmed protein
overexpression using our RDH11 construct by western blotting (Supp
Figure 2A). RDH11 expression was also robustly increased in cells
transfected with RDH11-plasmid, regardless of the cholesterol conditions
(p< 0.0001; Figure 3A). We then assessed the effect of ectopic RDH11
expression on key markers of cholesterol regulation (Figure 3B). LDLR
mRNA expression was elevated in response to low cholesterol conditions
in control treated cells (p < 0.0001), and this effect was attenuated by
l metabolism, oxidative stress, and inflammation in Hep3B cells Relative mRNA
s linked to oxidative stress and inflammation in Hep3B cells transfected with (A, B, E)
NA RDH11 followed by exposure to a high cholesterol (HC; full serum) or low cholesterol
lative to the respective control HC; RDH11, retinol dehydrogenase 11; LDLR, low density
, ATP binding cassette transporter A1; GPX, glutathione peroxidase; SOD1, superoxide
r factor erythroid 2-related factor 2; CATA, catalase; Data presented as mean � SEM;
Whitney test (A, C), Unpaired t-test (C) two-way ANOVA (B, E, F) or KruskaleWallis test
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increasing RDH11 expression in low cholesterol conditions (p < 0.01).
Similarly, HMGCRmRNA expression was increased in the control cells in
low compared to high cholesterol conditions (p< 0.0001), an effect that
was also attenuated by increased RDH11 expression in low cholesterol
conditions (p < 0.05). Lastly, ABCA1 mRNA expression was markedly
reduced in response to low cholesterol (p < 0.0001), however no effect
of ectopic RDH11 was observed.
To assess whether physiological reduction of RDH11 would have recip-
rocal effects on SREBP2 target gene expression, cells were transfected
with pooled control or RDH11 siRNAs (siRDH11) prior to exposure of cells
to high or low cholesterol conditions for 24 h. RDH11 mRNA expression
was robustly downregulated (p < 0.0001) in the siRDH11 treated cells,
and this was comparable regardless of the cholesterol conditions
(Figure 3C). LDLR and HMGCR mRNA expression were increased
(p< 0.01), and ABCA1 expression decreased (p< 0.0001), in response
to a low cholesterol environment. RDH11 knockdown did not affect the
expression of any of these genes in either high or low cholesterol con-
ditions (Figure 3D). Collectively, these data indicate that in low cholesterol
conditions where endogenous cholesterol synthesis is induced, increased
expression of RDH11 drives a reduction in genes involved in the uptake
and synthesis of cholesterol, a transcriptional response that is consistent
with an attenuation of cholesterol accumulation.
The lack of effect of RDH11 knockdown on markers of cholesterol
metabolism, prompted us to consider that, although RDH11 was
transcriptionally regulated by cellular cholesterol abundance, its
function may be related to other pathways associated with cholesterol
biosynthesis such as oxidative stress and inflammation, rather than
directly influencing cholesterol biosynthesis per se. This is consistent
with the previously established role of RDH11 in the protection against
oxidative stress associated with light exposure in the retina [14]. We
therefore investigated the expression of genes associated with
oxidative stress and inflammatory pathways in Hep3B cells following
either RDH11 gain- or loss-of-function (Figure 3E, F). Overexpression
of RDH11 was associated with a reduction in markers of oxidative
stress and inflammation (Figure 3E). Specifically, in both high and low
cholesterol conditions, expression of activator protein 1 (AP-1), a
transcription factor involved in inflammation, cell signalling and
apoptosis [15], was reduced by RDH11 overexpression (p < 0.01).
Furthermore, ectopic expression of RDH11 attenuated expression of
glutathione peroxidase (GPX) 3, which is implicated in the manage-
ment of cellular organic hydroperoxide levels, in low cholesterol con-
ditions only (p < 0.01) [16]. These data suggest that RDH11 can
influence oxidative stress and inflammatory pathways regardless of
cholesterol status, although the magnitude of effect was greater in a
low cholesterol environment. RDH11 loss of function only significantly
affected expression of NRF2 (p < 0.05) in a high cholesterol envi-
ronment; however, in cells subjected to low cholesterol conditions,
RDH11 silencing was associated with a significant increase in the
expression of GPX1 (p < 0.01), GPX3 (p < 0.01) and superoxide
dismutase 1 (SOD1; p < 0.01), AP-1 (p < 0.01), nuclear factor kappa
B subunit 1 (NFkB1; p < 0.001) and nuclear factor erythroid 2-related
factor 2 (NRF2; p< 0.01) compared to control treated cells (Figure 3F).
These data suggest that in the absence of RDH11, there is an upre-
gulation of markers of inflammatory and oxidative pathways.
Finally, we considered whether RDH11 gain- or loss-of-function was
affecting retinol metabolism, given its function as a retinol dehydro-
genase. We observed no significant change in transcriptional markers
of retinol metabolism including beta-carotene oxygenase 2 (BCO2),
retinoic acid receptor beta (RARb) and retinol binding protein 4 (RBP4)
in response to RDH11 modulation (Supp Figure 2B, C).
6 MOLECULAR METABOLISM 90 (2024) 102041 � 2024 The Author(s). Published by Elsevier GmbH
Overall, these data suggest that in a low cholesterol environment,
RDH11 may act to limit cholesterol uptake and synthesis, and atten-
uate inflammatory and oxidative pathways. This is interesting, given
the propensity of cholesterol and lipoproteins rich in polyunsaturated
fatty acids (PUFA) to become oxidatively modified, which can result in
inflammation, apoptosis and ferroptosis [17,18].

2.4. Hepatic RDH11 knockdown in mice is associated with
modulation of lipid metabolism pathways
Having observed changes in the transcriptional regulation of choles-
terol, oxidative stress and inflammatory pathways with the modulation
of RDH11 in a cell system, we next wanted to assess the effect of
RDH11 loss of function on hepatic lipid metabolism in vivo. This was
achieved using systemic delivery of adeno-associated virus (AAV) 8
particles that were engineered to express either an shRNA against
RDH11, or a control shRNA (shLacZ). Assessment of hepatic RDH11
protein expression at study end, 10 weeks post-injection, demon-
strated a w60% reduction in mice receiving AAV8-shRDH11
compared to control mice (p < 0.01; Figure 4A). No difference in body
weight at study end was observed between mice receiving shRDH11 or
control vector (Figure 4B). Similarly, liver weight relative to body
weight, and liver H&E staining were not significantly different between
control and shRDH11 treated mice (Figure 4C and Supp Figure 3A).
Attenuation of hepatic RDH11 expression resulted in significant
changes in the expression of genes linked to lipid metabolism and ER
stress (Figure 4F and G). We observed no effect of RDH11 knockdown
on Ldlr, Hmgcr or Abca1 mRNA expression (Figure 4D). We further
investigated whether alternate lipid metabolic pathways such as the de
novo lipogenesis (DNL) pathway were modulated by reduced hepatic
RDH11 expression, given Brown and Goldstein demonstrated that
SREBP1c, a key transcriptional regulator of triacylglycerol and fatty
acid synthesis, induced RDH11 [9,19]. We observed an increase in the
mRNA expression of Acetyl-CoA carboxylase 1 (Acaca), the rate limiting
enzyme in the DNL pathway (p < 0.05; Figure 4F). In addition, we
investigated whether markers of oxidative stress or inflammation were
upregulated, as observed with RDH11 loss of function in vitro. There
was a trend for an increase in Gpx3, Gpx4 and AP-1 mRNA expression
in the livers of mice receiving AAV:shRDH11 compared to control mice,
similar to that observed in vitro in low cholesterol conditions
(Figure 4G). Moreover, mRNA expression of DNA damage inducible
transcript 3 (Ddit3; also known as Chop), a marker of endoplasmic
reticulum (ER) stress, was increased with RDH11 knockdown,
compared to control mice (Figure 4G; p < 0.01). To specifically probe
whether RDH11 knockdown in the liver modulated retinol metabolic
pathways - a previously demonstrated function of RDH11, we per-
formed RNA-seq and gene set enrichment analysis on livers from KD
mice. The pathways most enriched in this analysis were ascorbate and
aldarate metabolism (Supp Figure 3B). Whilst retinol metabolism was
modestly enriched, this was predominantly driven by only two genes
Cyp2 and Ugt (Supp Figure 3C). Additionally we measured gene
expression by qPCR and observed a significant increase in mRNA
expression of lecithin retinol acyltransferase (Lrat; p < 0.05; Supp
Figure 3D) in mice administered AAV:shRDH11; however, no signifi-
cant changes were observed in expression of other genes associated
with retinol metabolism (Bco1, Bco2, Rarb, Rbp4) as measured by
qPCR (Supp Figure 3D), consistent with the in vitro studies. Together,
these data suggest that a reduction of RDH11 drives an environment
with elevated cholesterol abundance associated with increased
oxidation and ER stress, which is not likely related to major alterations
in retinol metabolism pathways in the liver.
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Figure 4: Attenuation of hepatic retinol dehydrogenase 11 in mice is associated with modulation of markers of lipid metabolism and endoplasmic reticulum stress (A)
Immunoblot of RDH11 expression and loading control (PDI) and quantitation, (B) body weight, (C) liver weight normalised to body weight, (D-F) hepatic mRNA expression of (D)
sterol regulatory element binding protein (SREBP)-2, (E) liver X receptor (LXR) and (F) SREBP-1c target genes and (G) genes linked to inflammation, endoplasmic reticulum stress
and oxidative stress in C57BL/6J mice examined 10 weeks after administration of Adeno-Associated viral vector (AAV8)-shLacZ (control) or AAV8-shRDH11; RDH11, retinol
dehydrogenase 11; PDI, protein disulfide isomerase; Soat2, acetyl-CoA acetyltransferase 2; Fdps, farnesyl diphosphate synthase; Hmgcs, 3-hydroxy-3-methyl-glutaryl-coenzyme A
synthase; Ldlr, low density lipoprotein receptor; Lss, lanosterol synthase; Pcsk9, proprotein convertase subtilisin/kexin type 9; Abca1, ATP binding cassette transporter A1; Idol,
inducible degrader of the low density lipoprotein receptor; Acaca, acetyl-coa carboxylase alpha; Scd1, stearoyl-CoA desaturase; Fasn, fatty acid synthase; Ap-1, activator protein 1;
Ddit3, DNA damage-inducible transcript 3; Nrf2, nuclear factor erythroid 2-related factor 2; Cata, catalase; Gpx, glutathione peroxidase; (n ¼ 7e8/group); Data presented as
mean � SEM and analysed by unpaired t-test (A-G) or Mann Whitney test (F, G); *p < 0.05, **p < 0.01.
2.5. Mice with attenuated hepatic RDH11 expression have an
altered liver lipid profile
Given the impact of RDH11 on cholesterol metabolism pathways
identified above, we next investigated the effect of modulating RDH11
expression on hepatic and plasma lipid abundance. We performed
MOLECULAR METABOLISM 90 (2024) 102041 � 2024 The Author(s). Published by Elsevier GmbH. This is an
www.molecularmetabolism.com
targeted lipidomics, which quantified over 700 individual lipid species
in the liver and plasma of mice treated with AAV:shRDH11 and control
vector. Whilst shRDH11 treated mice exhibited no difference in total
hepatic lipid burden, the majority of the 64 individual liver lipid species
that were significantly altered in abundance between control and
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shRDH11 mice were increased (75%) (p< 0.05; Supp Figure 3E). After
Benjamini Hochberg FDR correction none of these individual lipid
species were significantly altered, further supporting a modest effect
on the total hepatic liver burden in RDH11 suppressed mice. Probing
the lipidomics more comprehensively, mice treated with shRDH11
exhibited a trend towards an increase in hepatic cholesterol esters
Figure 5: Attenuation of hepatic retinol dehydrogenase 11 in mice is associated wit
COH abundance; Pearson’s correlation between hepatic RDH11 protein expression and he
expression and loading control (PDI); (F) correlation between hepatic RDH11 and LDLR prot
weeks after administration of Adeno-Associated viral vector (AAV8)-shLacZ (control) or AAV
11; LDLR, low density lipoprotein; PDI, protein disulfide isomerase; Data presented as mean
Whitney test (A) or Pearson correlation with dotted lines representing the 95% confidenc
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(CEs; Figure 5A) and a significant increase in free cholesterol (COH;
p< 0.05; Figure 5B). Given the variability in the knockdown of RDH11,
we investigated whether there was a significant correlation between
CEs or COH and the residual expression of hepatic RDH11. CEs were
not significantly correlated with hepatic Rdh11 protein expression
(Figure 5C), however COH was strongly negatively correlated with
h modulation of hepatic and plasma cholesterol abundance (A) Hepatic CE and (B)
patic (C) CE or (D) COH abundance; (E) immunoblot and quantitation of hepatic LDLR
ein expression; plasma (G) CE and (H) COH abundance in C57BL/6J mice examined 10
8-shRDH11; CE, cholesterol ester; COH, free cholesterol; RDH11, retinol dehydrogenase
� SEM (A, B, E, G, H; n ¼ 8/group) and analysed by unpaired t-test (B, E, G, H), Mann
e interval (C, D, F; n ¼ 16) *p < 0.05, **p < 0.01.
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RDH11 protein abundance (Figure 5D). These data are consistent with
an increase in the ER stress marker, Ddit3 (Figure 4G) given that COH
accumulation can lead to toxicity in the liver [20]. Furthermore, hepatic
LDLR protein expression was significantly reduced in shRDH11 mice
(p < 0.01; Figure 5E), and a significant correlation between LDLR and
RDH11 protein expression was observed (p < 0.01; Figure 5F). This is
likely a response to the increased cholesterol abundance observed in
the livers of shRDH11 treated mice. In contrast to that observed in the
liver, we saw a significant decrease in plasma CEs (p < 0.05;
Figure 5G) and a trend for a decrease in plasma COH (p ¼ 0.0511;
Figure 5H), demonstrating that attenuation of hepatic RDH11 expres-
sion impacts on systemic cholesterol metabolism. Further analysis of
the hepatic lipidome revealed that phospholipids, the principal struc-
tural component of cell membranes, were also altered in relative
(Figure 6A) and absolute (Supp Figures 4A) abundance between control
and shRDH11 mice. Total phosphatidic acid (PA) species exhibited the
most significant magnitude of change between control and shRDH11
mice, with aw40% increase (p < 0.01), an effect also observed with
in vitro RDH11 loss of function studies (p < 0.05; Figure 6B; Supp
Table 4). Additionally, lysoalkenylphosphatidylcholine (LPC(O), alkyl-
phosphatidylethanolamine (PE(O)) and lysophosphatidylinositol (LPI)
Figure 6: Attenuation of hepatic retinol dehydrogenase 11 in mice and cells is assoc
phospholipid classes in C57BL/6J mice examined 10 weeks after administration of ad
abundance in cells transfected with scramble siRNA (control) or siRNA RDH11 for 24 h foll
environment; PG, phosphatidylglycerol; PS, phosphatidylserine; LPI, lysophosphatidylinos
phosphatidylethanolamine; LPE, lysophosphatidylethanolamine; PE(P) alkenylphosphatidy
LPC(P), lysoalkenylphosphatidylcholine; LPC(O), lysoalkylphosphatidylcholine; LPC, lysophos
phosphatidic acid; PC, phosphatidylcholine. Data presented as mean � SEM (A, n ¼ 8/g

MOLECULAR METABOLISM 90 (2024) 102041 � 2024 The Author(s). Published by Elsevier GmbH. This is an
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were moderately increased (p < 0.05: Figure 6A; Supp Figure 4A).
Whereas phosphatidylethanolamine (PE) was decreased in shRDH11
mice compared to control (p < 0.05; Figure 6A; Supp Figure 4A).
These findings suggest that reduced RDH11 expression may impact on
plasma membrane composition, which could adversely affect organ-
elle function including ER and mitochondria.

2.6. Knockdown of hepatic RDH11 modulates markers of
mitochondrial function
Given that we proposed that RDH11 may participate in the manage-
ment of lipid oxidation in response to cellular cholesterol status, in
addition to the differences observed in PA abundance, we next
investigated the impact of RDH11 silencing on markers of mitochon-
drial composition and function. Firstly, we examined lipid species
enriched in mitochondrial membranes, including cardiolipins, to
determine whether mitochondrial structure was deleteriously altered
[21]. Mice receiving AAV:shRDH11 exhibited a significant decrease in
the most abundant cardiolipin (CL) species, CL 18:2_18:2_18:2_18:2
(p < 0.05; Figure 7A), but no major change in other less abundant CL
species (Supp Figure 4B, Supp Table 5), suggestive of a remodelling in
mitochondrial membrane architecture.
iated with modulation of phospholipid abundance (A) Relative abundance of hepatic
eno-associated viral vector (AAV8)-shLacZ (control) or AAV8-shRDH11; (B) Total PA
owed by exposure to a low cholesterol (LPDSþ5 mM compactin þ 50 mM mevalonate)
itol; PIP1, phosphatidylinositol-phosphate; PI, phosphatidylinositol; LPE(P) lysoalkenyl-
lethanolamine; PE(O), alkylphosphatidylethanolamine; PE, phosphatidylethanolamine;
phatidylcholine; PC(P), alkenylphosphatidylcholine; PC(O), alkylphosphatidylcholine; PA,
roup; B, n ¼ 6/group); Data analysed by unpaired t-test *p < 0.05, **p < 0.01.
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Figure 7: Attenuation of hepatic retinol dehydrogenase 11 altersmitochondrial lipids and proteins (A) Cardiolipin (18:2)4 abundance, (B) immunoblot and quantitation of 4-HNE
and loading control (PDI), (C) immunoblot and quantitation of OPA1 and loading control (PDI), (D) immunoblot and quantitation of complex II (CII; SDHB), complex III (CIII; UQCRC2),
complex IV (CIV; MTCO1) and complex V (CV; ATP5a) and loading control (PDI) in livers of C57BL/6J mice examined 10 weeks after administration of Adeno-Associated viral vector
(AAV8)-shLacZ (control) or AAV8-shRDH11; (E) Schematic of the hypothesized role of RDH11 in the liver; 4-HNE, hydroxynonenal; PDI, protein disulfide isomerase; OPA1, mitochondrial
dynamin like GTPase; SDHB, succinate dehydrogenase complex iron sulfur subunit B; UQCRC2, ubiquinol cytochrome c reductase core protein 2; MTCO1, mitochondrially encoded
cytochrome c oxidase I; ATP5a, ATP synthase subunit alpha; AP-1, activator protein 1; Ddit3, DNA damage-inducible transcript 3; GPX, glutathione peroxidase; HMGCR, 3-hydroxy-3-
methyl-glutaryl-coenzyme A reductase; LDLR, low density-lipoprotein receptor; NFKB1, nuclear factor NF-kappa-B1; NRF2, nuclear factor erythroid 2-related factor 2; RDH11, retinol
dehydrogenase 11; SOD1, superoxide dismutase 1; (A-D) Data presented as mean � SEM (n ¼ 6e8/group) and analysed by unpaired t-test; *p < 0.05, **p < 0.01.
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As perturbed mitochondrial function has been shown to impact on the
production of reactive oxygen species (ROS) [22], we sought to investi-
gate whether a reduction in hepatic RDH11 expression was associated
with increased production of lipid peroxidation products such as 4-
hydroxynonenal (4-HNE) adducts. We observed no difference in 4-HNE
adducts in the liver of mice administered AAV:shRDH11 (Figure 7B),
which may be due in part to a compensatory upregulation of antioxidant
enzymes, given the trend for an upregulation of Gpx family members
observed in these mice (Figure 4G). Lastly, given that the electron
transport chain (ETC) complexes as well as optic atrophy 1 mitochondrial
dynamin like GTPase (OPA1) have been shown to be modulated by
cardiolipin abundance, we investigated the abundance of these proteins
in the livers of shRDH11 and control treated mice [23]. We observed a
significant decrease in OPA1, a key protein important in inner mito-
chondrial membrane fusion (p < 0.05; Figure 7C), with attenuation of
RDH11. We also measured the expression of components of the mito-
chondrial ETC. Complex II (SDHB) and complex IV (MTCO1) were
significantly decreased in shRDH11 mice (p < 0.01 and p < 0.05,
respectively; Figure 7D). Taken together, these data suggest that a
reduction in hepatic RDH11 is associated with modulation of cholesterol
metabolism pathways, resulting in the increased abundance of hepatic
free cholesterol, as well as numerous PUFA containing phospholipids that
are prone to oxidation, resulting in a concomitant increase in ER stress
and markers of mitochondrial dysfunction. These observations present
evidence for RDH11 being an important protein at the crossroads of
hepatic lipid metabolism and cellular redox homeostasis (Figure 7E).

3. DISCUSSION

Here, we utilised a systems genetics discovery platform to identify
novel proteins associated with the regulation of hepatic cholesterol
regulation. This approach demonstrated that RDH11 significantly
correlated with numerous proteins known to play a role in the regu-
lation of cholesterol metabolism. Subsequent study of RDH11
demonstrated that it is transcriptionally responsive to altered choles-
terol environments. Furthermore, gain- and loss-of function experi-
ments support an effect of RDH11 on the expression of key regulators
of cholesterol metabolism, as well as inflammatory and oxidative
pathways. Likewise, hepatic RDH11 knockdown in mice significantly
altered markers of lipid metabolism, with a consequent modulation of
hepatic lipid accumulation. Specifically, we observed an increase in
hepatic free cholesterol and phosphatidic acid and a decrease in
cardiolipin abundance, with consequent changes in markers of ER
stress and mitochondrial function. Such changes may have implica-
tions for cell membrane structure and signalling, redox status and
mitochondrial homeostasis.
Previous studies characterising the localisation of RDH11 have
demonstrated that it is highly concentrated at the endoplasmic retic-
ulum (ER) [7]. Indeed, the bulk of the cellular enzymatic machinery
devoted to cholesterol synthesis under the transcriptional regulation of
sterol response element binding protein 2 (SREBP2) is similarly
localised to the ER. This co-localisation suggests a shared or com-
plementary function between RDH11 and regulators of cholesterol
synthesis. We demonstrated that RDH11 is transcriptionally regulated
by cholesterol abundance, in a manner consistent with other SREBP2
targets; an effect that appears to be conserved in both mice and
humans. This concept is consistent with the findings of Brown and
Goldstein, who previously demonstrated that the mouse homologue of
RDH11, which they named SCALD (short chain aldehyde dehydroge-
nase), was transcriptionally regulated not only by SREBP2, but also
SREBP1a and SREBP1c [9].
MOLECULAR METABOLISM 90 (2024) 102041 � 2024 The Author(s). Published by Elsevier GmbH. This is an
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Endogenous hepatic cholesterol regulation is finely controlled, and it is
therefore not surprising that the management of oxidative by-products
associated with the synthesis of cholesterol, forms part of its complex
regulatory framework. Ectopic expression of RDH11 was associated
with an attenuation of LDLR and HMGCR expression in low cholesterol
conditions in vitro, consistent with diminished cholesterol synthesis
and uptake. In agreement with the hypothesis put forward by Brown
and Goldstein, we postulate that RDH11 could play a role in protecting
the cell from excess cholesterol, which can be prone to oxidative attack
from ROS [9]. Indeed, type 1 autoxidation of cholesterol, whereby the
molecule undergoes non-enzymatic oxidation due to free radical
attack, can generate significant amounts oxysterols as seen in circu-
lating oxidised LDL particles [24]. Previous reports have demonstrated
that oxidised cholesterols and free cholesterol can drive membrane
dysfunction, leading to inflammation and apoptosis [17,18]. This hy-
pothesis is further supported by our findings that demonstrated that
attenuation of RDH11 was associated with an increase in the abun-
dance of hepatic free cholesterol in vivo and an increase in the ER
stress marker, Ddit3. Consistent with the abovementioned hypothesis,
the absence of RDH11 was associated with an increase in markers of
inflammation in vitro.
Further to modulating cholesterol synthesis, SREBPs promote the
synthesis, elongation, desaturation, and uptake of polyunsaturated fatty
acids (PUFA) [19]. We provide evidence that RDH11 may play a broader
role in lipid metabolism and not just exclusively cholesterol homeo-
stasis. We observed that ectopic expression of RDH11 was associated
with an attenuation of LDLR expression in vitro. Equally, loss of RDH11
in vivo was associated with an increase in expression of Acaca, the rate
limiting enzyme in the DNL pathway, thus limiting the uptake and
synthesis of fatty acids. Furthermore, given that uptake of PUFA-rich
lipoproteins by the LDLR delivers lipid that are susceptible to lipid
peroxidation, which can form peroxides and fatty aldehydes such as 4-
HNE, we speculate that RDH11 may also act to reduce aberrant PUFA
peroxidation, consistent with the hypothesis of Kasus-Jacobi et al., that
proposed RDH11 may be induced to convert these toxic aldehydes into
non-toxic alcohols [9]. More recently, it was demonstrated that HEK293
cells stably expressing murine RDH11 were protected against 4-HNE
modification and 4-HNE-induced apoptosis [25]. In contrast, in the
mouse retina, RDH11 is not necessary or likely, to be playing a direct
role in reacting with these toxic aldehyde species [25]. Further to this,
retinal RDH11 was not induced upon exposure to oxidative stress
associated with light exposure [14]. It therefore remains unclear as to
how RDH11 mechanistically contributes to the management of lipid
peroxidation products and whether the role of RDH11 is conserved
across tissues and cell types. Our studies focused on characterising
RDH11 function in the liver and hepatocytes. In vitro, RDH11 loss-of-
function was associated with an upregulation of markers of inflam-
mation, NFkB1, and AP-1 as well as an increase in modulators of anti-
oxidative pathways, GPX1, GPX3, SOD1 and NRF2 in low cholesterol
conditions, a setting in which upregulation of cholesterol biosynthesis
and uptake occurs. These changes suggest a significant compensatory
mechanism exists to limit the amount of ROS [26] in the absence of
RDH11, and could explain why we did not observe changes in the
abundance of 4-HNE. Likewise, we previously reported in a post-
developmental, skeletal muscle specific SOD2 KO model, that mice
exhibited only a subtle decrease in muscle 4-HNE abundance and a
concomitant increase in catalase as well as GPX1, 3 and 4 mRNA
expression [27]. These results may be explained by the fact that
numerous cellular mechanisms exist to manage oxidative stress
including enzymatic proteins SOD, catalase and GPX [26] as well as
through non-enzymatic means such as glutathione and coenzyme Q10.
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A key finding from these studies is the modulation of phospholipid
species in both cells and mice with reduced RDH11. Briefly, all
phospholipids comprise of a phosphate head group and contain 2 fatty
acyl chains. These fatty acyl chains are predominately unsaturated
which facilitates membrane fluidity, although this renders these fatty
acids susceptible to peroxidation [28]. Phosphatidic acid (PA) levels
were significantly elevated in our RDH11 loss-of-function mouse and
cell models. PAs are the simplest phospholipids, and contribute to
intracellular signalling as well as promoting negative membrane cur-
vature, which is required for plasma membrane structure. In addition,
PAs act as a substrate for more complex lipids including cardiolipins, a
tetrameric lipid highly concentrated in the inner mitochondrial mem-
brane. One possible explanation for the increase in PA could be the
fragmentation of cardiolipin into PA, an effect that can occur under
conditions of oxidative stress [29]. Indeed, we observed a concomitant
reduction in the abundance of the predominant cardiolipin species,
tetra linoleoyl cardiolipin (18:24). A key function of cardiolipins is to
stabilise mitochondrial membranes to facilitate the ETC, and alterations
in cardiolipin abundance can impact complex stability and activity
[30e32]. Consistent with this, we observed a significant reduction in
the expression of complexes II and IV of the ETC and in the mito-
chondria dynamics protein, OPA1, suggesting perturbations to mito-
chondrial homeostasis, perhaps modulated by changes in cardiolipin
abundance.
Our data provide evidence that RDH11 gain- and loss-of- function
modulates metabolic effects independent of the RXR/retinoid meta-
bolism pathway. In contrast, previous studies in human epidermal
skin-rafts have demonstrated that RDH11 is responsive to all-trans-
retinoic acids (ATRA) [33]. Intriguingly, the more studied family
member RDH10, was responsive to ATRA in epidermal rafts. This ef-
fect was also observed in HEK293 cells, but not human liver HepG2
cells, supporting cell-type specific actions of retinol dehydrogenases.
Similarly, RDH11 appears to be involved in retinol homeostasis in a
tissue-specific manner in vivo. RDH11 null mice fed a diet with
reduced Vitamin A exhibited no change in retinol levels in the liver, but
a trend for a reduction in the testes compared to wild type (WT) mice
[34]. However, RDH11 null mice fed a Vitamin A deficient diet exhibited
significantly reduced retinols in both the liver and testes compared to
WT mice [34], indicating that RDH11 may have some function in retinol
metabolism, albeit under profound nutrient restriction.
A limitation to the current study was the lack of knockdown efficiency
in our mouse model, with a w60% attenuation of hepatic RDH11
protein expression observed. Expression was driven by a CMV pro-
moter using a synthetic inhibitory BIC/miR-155 RNA backbone to
induce shRNA expression. Moreover, we used an AAV8 serotype,
which has a high affinity and transduction efficiency for hepatocytes.
Given this, possible explanations for the lack of knockdown efficiency
include (i) the shRNA sequence directed against RDH11 had off-target
effects; (ii) cell populations in the liver other than hepatocytes were
contributing to total hepatic RDH11 expression or (iii) regeneration of
hepatocytes reduced RDH11 knockdown over time, although this is
unlikely to be a major contributing factor in this timeframe [35].
Generation of a conditional knockout using conventional methods such
as cre-lox targeting hepatocytes via the albumin promoter would have
allowed us to characterise the effect of loss of hepatocyte-specific
RDH11 more robustly on cholesterol metabolism and its downstream
effects, however this may have resulted in further compensatory ef-
fects. Another limitation is the conditions under which we studied the
mice. Mice were fed a chow diet which is deficient in cholesterol,
mimicking a ‘low-cholesterol’ environment, an in vitro setting in which
we saw the greatest effects of RDH11; however, it is possible that
12 MOLECULAR METABOLISM 90 (2024) 102041 � 2024 The Author(s). Published by Elsevier GmbH
greater effects may have been seen in a setting such as fasting/re-
feeding, in which there is robust activation of the SREBP, and
indeed the DNL pathway [36]. Nevertheless, to the best of our
knowledge, this is the most in-depth experimental validation study
describing a role for RDH11 in the context of hepatic cholesterol
metabolism, with implications for the regulation of lipid metabolism
and downstream effects on oxidative, inflammatory, and mitochondrial
pathways in mammals.

4. METHODS

4.1. Hybrid mouse diversity panel platform and pathway analysis
Co-correlation analysis of hepatic protein abundance across strains of
the hybrid mouse diversity panel (HMDP) was performed on proteomic
data published by our group previously [6]. Pathway enrichment
analysis was performed using the Shiny GO v0.8 developed and
maintained by the South Dakota State University [37]. Target lists were
generated from proteins that significantly correlated with RDH11
across the HMDP, then entered as a gene list into the Shiny GO query.
Background adjustment was enabled against all detectable proteins
(8370 proteins) in the initial HMDP analysis and then entered as a gene
list. Bulk RNAseq data from the RDH11 mouse study was entered as
the list of significantly differentially expressed liver transcripts with
background adjustments against all detectable transcripts. Functional
annotation clustering of KEGG pathways was performed with default
settings. Only clustered annotated terms that were significant after
FDR adjustment q < 0.05 were included. KEGG pathway diagrams
[38,39] were also derived though Shiny GO webapp.

4.2. Cell culture and in vitro studies
Human hepatoma (Hep3B) cells were obtained from American Type
Culture Collection (ATCC). Cells were maintained in high glucose Dul-
becco’s Modified Eagle Medium (DMEM; Thermofisher), supplemented
with 10% foetal bovine serum (FBS; Gibco) and 1% sodium pyruvate
(Sigma Aldrich). Cells were passaged for experimental use to a
maximum of 20 times before being discarded and were periodically
tested for mycoplasma contamination. For cholesterol modulation ex-
periments, cells were treated with either 10% FBS (full serum, FS) or
10% Lipoprotein Deficient Foetal Bovine Serum (LPDS) in DMEM with
the addition of cholesterol modulating agents, as indicated. The
following cholesterol modifying agents were added: 5 mM compactin
(statin; Sigma Aldrich) dissolved in dimethyl sulfoxide (DMSO; Sigma
Aldrich) plus 50 mM mevalonate (Sigma Aldrich) dissolved in ethanol
(Thermofisher); 20 mM 25-hydroxycholesterol (25HC; Sigma Aldrich)
plus vehicle (0.1% DMSO), 20mg/ml methyl-b-cyclodextrin (CD; Sigma
Aldrich) plus vehicle (0.1% DMSO and 0.02% ethanol), 20 mg/ml
cholesterol loaded methyl-b-cyclodextrin (Chol/CD) plus vehicle (0.1%
DMSO and 0.02% ethanol) or 10mmT0901317 (T0; Sigma Aldrich) plus
vehicle (0.02% ethanol). For add-back experiments cells were treated
with either 10% FBS DMEM or LPDS DMEM plus 5 mM compactin and
50 mM mevalonate for 24 h, followed by either a further 24 h in LPDS
DMEM with compactin and mevalonate alone, or with the addition of
5 mg/ml low-density lipoprotein cholesterol (LDL-C) (kind gift from
Professor Dmitri Sviridov, Baker Institute) or 20 mM 25HC. At the
experimental endpoint, cells were washed in ice cold PBSwithout Ca2þ/
and Mg2þ.

4.3. Cloning
The RDH11 gene sequence was amplified from Hep3B cDNAs using
Phusion DNA polymerase (Thermofisher). The following Gateway
primers were used: F Primer-GGGGACAAGTTTGTACAAAAAAGCAGGCT
. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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TTGCCACCATGGTTGAGCTCATGTTCCCGCTG and R Primer-GGGACCA
CTTTGTACAAGAAAGCTGGGTTTTAGTCTATTGGGAGGCCCAGCAGG. The
RDH11 cDNA sequence was shuttled into pcDNA3.1 vector using
gateway technology (Thermofisher) [40]. The expression vector was
sequence verified (Micromon, Monash Clayton) and subsequently
purified (Promega) before in vitro use.

4.4. Animal studies
Male C57BL/6J mice were housed at the Alfred Research Alliance
Animal Service facility. Animals were housed at 22 �C on a 12hr light/
dark cycle with ad libitum access to food (rodent chow, Specialty
Feeds, Australia) and water, with cages changed weekly. For diet
studies, at 8 weeks of age, mice were fed either a chow diet, high fat
diet (HFD; SF00-219, Specialty Feeds, Australia) or Western Diet (WD;
SF04-001, Specialty Feeds, Australia) for 16 weeks. For the statin
study, at 8 weeks of age, mice received vehicle or simvastatin (100 mg
per kg�1; Sigma Aldrich) by gavage daily for 2 weeks. For the RDH11
study, at 8 weeks of age mice were administered an adeno-associated
virus serotype 8 (AAV8) containing two short hairpin RNA sequences
targeting Rdh11, or LacZ (control) via tail vein injection (5 � 1010 vg;
n ¼ 8/group). RDH11 sequences: shRNA 1e50-CCGG-CAAGGTCG-
CAATGAGATAATA-CTCGAG-TATTATCTCATTGCGACCTTG-TTTTTG-30
and shRNA 2e50-CCGG-TCACTTCCTCCTGACCCATTT-CTCGAG-
AAATGGGTCAGGAGGAAGTGA-TTTTTG-3’. At the study endpoint, mice
were fasted for 4 h prior to being anesthetised and euthanased via
exsanguination and blood and tissues collected and stored at �80 �C
for further analysis. All procedures and protocols were compliant with
the Alfred Research Alliance Animal Ethics Committee.

4.5. Primary mouse hepatocyte isolation
Mouse primary hepatocytes were isolated from 6-week-old male
C57BL/6J mice. Mouse livers were perfused via the inferior vena cava
with Hanks’ Balanced Salt solution (HBSS) (Merck) with 0.5 mM EDTA.
Upon perfusion (50e80 ml HBSS), Collagenase A (Sigma) in HBSS and
5 mM CaCl2 was then perfused to digest the liver until pale in colour
(50e60 ml). The liver was then dissected and placed in HBSS to collect
released hepatocytes. Hepatocytes were filtered twice through a
250 mm nylon mesh, washing with HBBS. The hepatocyte suspension
was centrifuged at 50 g for 2 min then HBSS was aspirated. The
remaining pelleted cells were then resuspended in HBSS and centri-
fuged at 50 g for 2 min. HBSS was aspirated for a final time leaving the
cell pellet. Cells were resuspended in M199 media (Gibco) and passed
through a 250 mm nylon mesh to remove debris. Cell viability was
assessed with 0.4% trypan blue (Thermo Fisher). Viability above 70%
was considered appropriate for downstream experimental use. Ex-
periments were performed as above for Hep3B add back experiments.

4.6. RNA extraction and qPCR
Harvested cells or frozen tissue were homogenised in RNAzol (in house
preparation) on ice. 50 ml of 1ebromoe3echloropropane (BCP) for
cell preparations, or 100ul of chloroform for liver samples, was added
to phase separate RNA. RNA was precipitated in isopropanol at room
temperature, pelleted and washed in ice cold 75% (v/v) ethanol. RNA
was quantified and assessed for purity using a Nanodrop 2000c
spectrophotometer (Thermo Fisher Scientific). RNA was reverse tran-
scribed into cDNA (Applied Biosystems Veriti PCR Machine) and diluted
in water to 5 ng/ul. 10 ng of cDNA was added to SYBR Green master
mixes containing sequence specific primers (Supp Table 1) for analysis
by quantitative real-time PCR (qPCR). Samples were run on the Applied
Biosystems QuantStudio 7 Flex Real-Time PCR System with a 384-well
plate reader. Raw expression data was normalised to the house
MOLECULAR METABOLISM 90 (2024) 102041 � 2024 The Author(s). Published by Elsevier GmbH. This is an
www.molecularmetabolism.com
keeping genes ribosomal protein lateral stalk subunit P0 (RPLP0; cell
experiments) or peptidylprolyl isomerase A (PPIA; animal studies) and
expressed relative to the control group using the 2�DDCT method [41].

4.7. Protein extraction
For in vitro experiments cells were washed twice with ice cold PBS
without Ca2þ and Mg2þ to remove residual media. Ice cold Radio
Immunoprecipitation Assay (RIPA) lysis buffer containing 1% (v/v) RIPA
(0.5M Tris-HCl, pH 7.4, 1.5M NaCl, 2.5% deoxycholic acid, 10% nonyl
phenoxypolyethoxylethanol, 10 mM EDTA),10% (v/v) protease inhibitor
cocktail (PIC), 1 mM EDTA, 100 mM PMSF, 1 mM b-glycerophosphate,
1 mM NaF, 1 mM Sodium orthovanadate and, 2.5 mM Sodium pyro-
phosphate was added to each well (100e150 ml) and cells were then
scraped to mechanically dislodge and disrupt cell membranes. Frozen
mouse liver pieces were homogenised in ice cold RIPA lysis buffer
(200e300 ml) as described above, using a motorised pestle homog-
eniser. Samples were rotated for 1 h at 4 �C prior to centrifugation at
10,000 g for 10 mins at 4 �C to pellet cell debris. Supernatant was
collected and assayed to determine protein concentration using either
a Bradford protein assay or Pierce� BCA Protein Assay Kit (Thermo
Fisher Scientific) following the manufacturers protocol.

4.8. Immunoblotting
Equal amounts of protein were resolved by SDS-PAGE on a 10% or
12% separating gel before being transferred onto polyvinylidene
difluoride (PVDF) membranes, blocked in 3% (w/v) skim milk in TBS
and incubated overnight with the following primary antibodies: 4-HNE
(Abcam), Total OXPHOS Rodent WB Antibody Cocktail (Abcam), OPA1
(Cell signalling), LDLR (Cayman), RDH11 (Origene) or PDI (Cell sig-
nalling). The following day membranes were washed, and mouse or
rabbit IgG secondary horseradish peroxidase conjugated antibodies
(Santa Cruz) were added in 3% (w/v) skim milk. Membranes were
imaged on either the ChemiDoc or ChemiDoc XRS (Biorad). Band
visualisation was determined using Supersignal� West Pico Chemi-
luminescent Substrate and Supersignal� West Femto Chemilumi-
nescent (Thermo Fisher Scientific). ImageLab 6.0.1 (BioRad) was used
to perform normalisation and densitometry.

4.9. Lipidomics
Briefly, frozen liver tissue or lysed cells were homogenised on ice in
200e400 ml PBS without Ca2þ and Mg2þ. Following homogenisation,
samples were sonicated twice at 25 amps for 10 s to ensure a uniform
homogenate. Protein concentrations of samples were analysed using
the Pierce BCA protein assay kit, following the manufacturer’s protocol.
All samples were extracted as previously described [42]. Briefly, cell
and liver samples were diluted with PBS, so the final concentration
was 50ug protein in 10ul homogenate. For plasma, 10 ml was ali-
quoted using a positive displacement pipette, directly into the
extraction tubes. Following sample preparation, 10 ml of pooled lipid
standard (ISTD) was added to normalise lipid values for each individual
sample. Lipids were extracted in 200 ml chloroform/methanol (2:1).
Samples were reconstituted in 50 ml water saturated butanol and 50 ml
methanol with 10 mM ammonium formate, butanol:methanol (1:1) and
then centrifuged at 2000 g for 5 mins. Samples were then transferred
into 0.2 ml micro inserts in 1.5 ml glass vials with Teflon insert capes
in preparation for loading into the mass spectrometer. Samples,
plasma quality controls (PQCs) and ISTD blanks were analysed as
previously described [43] on an Agilent 6490 QQQ or Agilent 4000
(cardiolipins) mass spectrometer with an Agilent 1290 series HPLC
system. Spectrometry was analysed using MassHunter Data Analysis
Acquisition v 7.1 (Agilent Technologies). Results from the
open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/). 13
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chromatographic data was analysed using Mass Hunter Quantitative
Analysis B9.0 where relative lipid abundances were calculated by
relating each area under the chromatogram for each lipid species to
the corresponding internal standard. Correction factors were applied to
adjust for different response factors, where these were known. Data
was normalised to total phosphatidylcholine (PC) content, total protein
(cardiolipins) or volume (plasma) as indicated.

4.10. RNA sequencing (RNA-seq)
Bulk RNA sequencing was performed as previously described [44].
RNA was extracted from livers using The Direct-zol RNA MiniPrep kit
according to manufacturer’s instructions (Zymo Research). RNA quality
for sequencing was determined using the high-sensitivity Agilent RNA
ScreenTape Assay for 4200 Tape Station System (Agilent Technolo-
gies). Only samples with an RNA Integrity Number (RIN) score>9 were
selected for subsequent analysis. DNA libraries were generated as per
the manufacturer’s protocol using the NEBNext� Poly(A) mRNA
Magnetic Isolation Module kit (New England Biolabs). 1 mg total RNA
per sample was inputted and adaptor ligation and PCR enrichment was
performed using the NEBNext� Multiplex Oligos for Illumina� kit as
per manufacturer’s instructions. Libraries for each of the 9 samples
were individually bar coded using n6-barcodes and library quantity and
quality were assessed as per manufacturer’s instructions using the
Agilent D1000 ScreenTape Assay for 4200 TapeStation System. DNA
libraries were pooled and then run on a NovaSeq 6000 sequencer at
the Centre of Genomic Medicine at the Alfred Hospital/Monash Uni-
versity. Reads were performed as paired end with an average read
length of 66 base pairs with an average of >20M reads per sample.

4.11. Histology
Cross sectional liver slices were embedded cut side down in OCT before
being frozen in isopentane on dry ice. Following freezing blocks were
cut into 7 mm sections using a Leica CM1950 Cyrostat. Sections were
fixed on slides in 100% methanol and stained with haematoxylin and
eosin. Slides were captured at 20X magnification using Zeiss Axioscan
7 (Zeiss) and images generated with QuPath open-source software.

4.12. Statistical analysis and data exclusion
Data was assessed for normality using a ShapiroeWilk test. Normally
distributed data was assessed using an unpaired t-test or a one- or
two-way ANOVA (with an uncorrected Fisher’s LSD post-hoc test).
Non-normally distributed data was analysed using a Mann Whitney test
or a KruskaleWallis test (with an uncorrected Dunn’s post-hoc test),
unless otherwise indicated. Data are presented as mean � SEM,
unless otherwise indicated. p < 0.05 was considered significant.
Data points were only excluded if they were identified using Tukey’s
outlier detection test (Q1-1.5*IQR/Q3þ1.5*IQR) and deemed to have
occurred as a result of a technical failure (e.g., failed amplification in
qPCR), or were an outlier for 3 or more mRNA expression analyses.
Animal study analyses were performed in a blinded fashion (i.e. on
grouped datasets before viral vector shRNAs were known).
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