Received: 2 November 2020

Revised: 25 November 2020

Accepted: 30 November 2020

DOI: 10.1111/cts.12962

ARTICLE

Altered vitamin A metabolism in human liver slices corresponds

to fibrogenesis

Lindsay C. Czuba' | Xia Wu? | Weize Huang1 | Nicole Hollingshead2 | Jessica B. Roberto® |

Heidi L. Kenerson®

1Department of Pharmaceutics,
University of Washington, Seattle,
Washington, USA

2Department of Laboratory Medicine and
Pathology, University of Washington,
Seattle, Washington, USA

3Department of Surgery, University of
Washington, Seattle, Washington, USA

Correspondence

Nina Isoherranen, Department of
Pharmaceutics, University of Washington,
Health Science Building, Room H-272M,
Box 357610, Seattle, WA 98195-7610,
USA.

Email: ni2@uw.edu

Funding information

This work was supported by grants
from the National Institutes of
Health: SROIGM111772-06 and
5T32DK007247-42.

| Raymond S. Yeung® | IanN. Crispe’ | Nina Isoherranen!

Abstract

All-trans-retinoic acid (afRA), the active metabolite of vitamin A, has antifibrogenic
properties in vitro and in animal models. Liver vitamin A homeostasis is maintained
by cell-specific enzymatic activities including storage in hepatic stellate cells (HSCs),
secretion into circulation from hepatocytes, and formation and clearance of arRA.
During chronic liver injury, HSC activation is associated with a decrease in liver reti-
nyl esters and retinol concentrations. atRA is synthesized through two enzymatic steps
from retinol, but it is unknown if the loss of retinoid stores is associated with changes
in afRA formation and which cell types contribute to the metabolic changes. The aim
of this study was to determine if the vitamin A metabolic flux is perturbed in acute
liver injury, and if changes in afRA concentrations are associated with HSC activation
and collagen expression. At basal levels, HSC and Kupffer cells expressed key genes
involved in vitamin A metabolism, whereas after acute liver injury, complex changes
to the metabolic flux were observed in liver slices. These changes include a reproduc-
ible spike in afRA tissue concentrations, decreased retinyl ester and arRA formation
rate, and time-dependent changes to the expression of metabolizing enzymes. Kinetic
simulations suggested that oxidoreductases are important in determining retinoid met-
abolic flux after liver injury. These early changes precede HSC activation and upregu-
lation of profibrogenic gene expression, which were inversely correlated with arfRA
tissue concentrations, suggesting that HSC and Kupffer cells are key cells involved in

changes to vitamin A metabolic flux and signaling after liver injury.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Vitamin A is metabolized in the liver for storage as retinyl esters in hepatic stellate
cell (HSCs) or to all-trans-retinoic acid (atRA), an active metabolite with antifibro-
genic properties. Following chronic liver injury, vitamin A metabolic flux is per-
turbed, and HSC activation leads to diminished retinoid stores.

WHAT QUESTION DID THIS STUDY ADDRESS?

Do changes in the expression of vitamin A metabolizing enzymes explain changes in
atRA concentrations and the regulation of fibrosis following acute liver injury?
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INTRODUCTION

Vitamin A is a critical dietary nutrient obtained as retinyl es-
ters or pro-vitamin A B-carotene.1 In enterocytes, retinyl esters
are packaged into chylomicrons and trafficked to hepatocytes
where they are hydrolyzed to retinol. Retinol is esterified in
hepatic stellate cells (HSCs) by the enzyme lethicin-retinol
acyltransferase (LRAT), and subsequently stored as retinyl
esters in HSC lipid droplets. These depots of retinyl esters ac-
count for more than 80% of whole-body vitamin A and are
vital for maintaining vitamin A homeostasis. To support the
whole-body demand for retinol, retinyl esters are mobilized
from storage in HSC and hydrolyzed to retinol, the main cir-
culating form of vitamin A. Retinol circulates bound to the
retinol binding protein RBP4, likely complexed in hepatocytes
following apo-RBP4 synthesis.l’2 Numerous enzymes, includ-
ing lipases and carboxylesterases, contribute to the hydrolysis
step.3 Vitamin A is known to have spatiotemporally regulated
metabolism, and retinol may be metabolized to the active me-
tabolite all-trans-retinoic acid (afRA) in many different cells
and tissues to support local signaling.‘"5 Many enzymes, such
as retinol dehydrogenases (RDHs) and short chain dehydro-
genases (Dhrs), show oxidoreductive activity for reversible
retinaldehyde-retinol conversion. In addition, differences in
expression levels, co-factor availability, and protein binding
may determine the relative roles of these enzymes in the for-
mation of retinaldehyde from retinol.®” Retinaldehyde is fur-
ther oxidized to arRA by aldehyde dehydrogenases, such as
ALDHI1As.” RA clearance, in turn, is predominantly attributed
to cytochrome P450 family 26 (CYP26) enzymes, with minor
contributions by other Ccyps®10

Vitamin A deficiency has been linked to liver pathology,
such as nonalcoholic steatohepatitis (NASH) and nonalco-
holic fatty liver disease (NAFLD), and the development of
fibrosis. For instance, studies in patients with chronic liver
disease and in vitro studies suggest that liver disease is asso-
ciated with HSC activation, changes in the expression of liver
retinoid metabolizing enzymes, such as LRAT, and depletion
of hepatic vitamin A3 In addition, pharmacological use of

ASCPT

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

In healthy liver, both HSC and Kupffer cells may mediate vitamin A homeostasis.
Following acute liver injury, complex changes in metabolizing enzyme expression/
activity alter the metabolic flux of retinoids, resulting in a transient peak in afRA
concentrations. The afRA concentrations are inversely correlated with profibrogenic
gene expression, HSC activation, and collagen deposition.

HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR
TRANSLATIONAL SCIENCE?

Improved understanding of altered vitamin A metabolic flux in acute liver injury may
provide insight into cell-specific contributions to vitamin A loss and lead to novel
interventions in liver fibrosis.

afRA in many rodent models curtails liver fibrogenesis.'*™'

Current evidence links alterations in afRA homeostasis and
signaling to fibrogenic processes. Specifically, activated
HSCs robustly synthesize fibril forming collagens, such as
COL1A1 and COL3A1 resulting in tissue scarring,”’19 and
in rodent stellate cells endogenous afRA downregulates the
mRNA expression of a2(I)collagen through retinoic acid re-
sponse elements (RAREs) within the promoter region.zo’21
Although other profibrogenic genes possess putative distal
RAREs,” aRA indirectly regulates profibrogenic signals
through TGF-p mediated pathways or via upregulation of
compensatory signals.23’28 Based on these findings, we hy-
pothesized that the metabolism of vitamin A is altered in the
early stages of liver injury, promoting the antifibrogenic ac-
tivities of endogenous arRA, but vitamin A is subsequently
depleted from the liver due to complex changes to the net
metabolic flux of vitamin A. The goal of the current study
was to determine if retinoid concentrations change due to
alterations within the metabolic pathway and if the changes
correlate with collagen production using a precision-cut
human liver slice model of acute liver injury. In addition,
liver cell-specific expression patterns for the vitamin A me-
tabolizing genes were established from human liver donors.

MATERIALS AND METHODS
Human liver tissue and liver slice experiments

Nontumor, virus-free liver tissue came from donors undergo-
ing liver resection at the University of Washington Medical
Center. All patients in this study prospectively consented to
donate liver tissue for research under the institutional review
board. Samples from resected tissue were collected as core
biopsies (6 mm in diameter) for liver slice preparations or as
a wedge for cell sorting.

Liver cores were cut into 250-pm-thick slices using a vi-
brating microtome (Leica VT1200 S). Day 0 slice samples
were immediately fixed for histology or stored at —80°C for
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mRNA quantification or retinoid measurements. The remain-
ing slices were cultured as previously described.”’ For time
course experiments, slices from five donors were used for
retinoid measurements, slices from two donors for mRNA
quantification of profibrogenic genes, and a subset of vitamin
A related genes and slices from a minimum of three donors
were used for histological staining. Slices and culture media
were sampled in duplicates or triplicates at r = 0.5, 1, 2, 4,
and 7 days unless otherwise stated. For time course exper-
iments, retinoid measurements for donor 1 slices included
samples at 10 and 15 days, whereas donor 5 was sampled
only up to 4 days. Slices fixed for histology were sampled
at 2 and 7 days. Detailed experimental methods for slicing,
culturing, and mRNA quantification are in Supplementary
Methods.

The temporal changes in metabolic activity (formation of
retinyl palmitate-dg and afRA-dg from retinol-dg) were mea-
sured in cultured liver slices from one donor. The medium
was analyzed by liquid-chromatography tandem mass spec-
trometry (LC-MS/MS) as the incubation starting concentra-
tion and the assays were initiated by adding 2 pM (media
concentration) retinol-dg at t = 0, 12, or 44 h of culture and
triplicate media and slices were sampled at t = 4, 16, or
48 h. Retinyl acetate and acitretin were added as internal
standards and retinoids quantified by LC-MS/MS.

Isolation of liver cell populations, mRNA
expression, and histology

To isolate human liver cells, liver tissue wedges were per-
fused with collagenase, dissociated, and filtered through
sterile mesh. Strained filtrate was centrifuged to separate
hepatocytes from nonparenchymal cells, and a Percoll gra-
dient was applied to both fractions to improve purity of the
isolated cells. The isolated nonparenchymal cell mixture
was stained with an antibody cocktail for cell-sorting using
flow cytometry. Pelleted hepatocytes and sorted cells were
stored at —80°C prior to RNA extraction. RNA was isolated,
converted to cDNA, and analyzed with a 48 X 48 dynamic
array and a BioMark HD microfluidics system (Fluidigm,
San Francisco, CA). For histology, liver slices were fixed
using 10% neutral-buffered formalin, embedded in paraffin,
and sliced into 4-pm-thick sections, and stained using tri-
chrome stain, picrosirius red stain, and alpha-smooth muscle
actin stain. Detailed experimental procedures are described
in Supplementary Methods.

Quantification of vitamin A metabolome

Liver slices were preweighed and homogenized under yel-
low-lights in 720 pL saline using a handheld homogenizer

and disposable soft-tissue OmniTip plastic homogeniz-
ing probe (Omni International). Homogenates were trans-
ferred to glass borosilicate tubes on ice, spiked with internal
standard mixture, and retinol, retinyl esters, and retinoic
acid were extracted using a two-round liquid-liquid extrac-
tion protocol, as previously described.*® Culture media was
protein precipitated with acetonitrile (1:3), centrifuged
at 16,000 x g for 15 min and supernatants collected for
analysis. LC-MS/MS analysis of retinoids was performed
as previously described using an AB Sciex 6500 QTRAP
mass spectrometer (AB Sciex LLC) coupled with Shimadzu
UFLC XR DGU-20A5 (Shimadzu Corp.).30 Analytes were
monitored using the multiple reaction monitoring (MRM)
transitions: m/z 269 > 93,95 (retinol and retinyl palmitate);
m/z 277 > 98, 102 (retinol-dg); m/z 275 > 98,102 (retinol-dg
and retinyl palmitate-dg); m/z 273 > 94,98 (retinyl palmi-
tate-d,); m/z 269 > 93 (retinyl acetate); 301 > 205 (arfRA);
m/z 307 > 211 (atRA-dg); m/z 327 > 177 (Acitretin).
Analyte peaks were integrated against a standard curve
using Multiquant.

Kinetic modeling of vitamin A metabolic flux

A kinetic model of the vitamin A metabolic flux in liver
slices (normalized to 1 mg liver tissue) was constructed using
MATLAB and Simulink platform (R2018a; MathWorks)
and established based on known metabolic pathways for vi-
tamin A in human liver involving retinyl palmitate, retinol,
retinaldehyde, and afRA (Figure S1). All model parameters
are summarized in Table S1, and all governing equations and
model development and verification steps are described in
Supplementary Material. The baseline rate constants of the
kinetic model were verified by comparing the simulated
concentration ratios to observed whole liver retinoid concen-
tration ratios from an independent dataset'! (Figure S2). To
define the potential changes in enzyme activities that could
explain the observed time-dependent changes in retinoid
concentrations in human liver slices over 96-h culture, the
individual enzyme expressions/activities were altered in a
stepwise manner based on known regulation and alterations
in primary retinoid metabolizing enzymes as described in
Supplementary Material. In time course simulations for en-
dogenous retinoids, experimentally determined mean base-
line retinoid concentrations in liver slices were used as initial
conditions at r = 0 and the simulations were conducted for
96 h. The disposition of retinyl palmitate-dg, retinol-dg, and
atRA-dg in the slices was simulated via dosing 20 pmol reti-
nol-dg and allowing the metabolism to proceed for 4 h, using
the simulated midpoint enzyme expression/activity value at
2-h, 14-h, and 46-h post-slicing as constant parameters. The
MATLAB model file and a representative code script are in-
cluded as Supplementary Material.
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RESULTS

HSC activation and upregulation of
fibrogenesis-associated genes in human liver
slices

To test whether the previously described” wound-repair
signals promote fibrogenesis in liver slice cultures, tempo-
ral changes in liver histology and transcriptional regulation
were assessed in cultures maintained for up to 15 days. At
day 0, histological staining indicated minimal scarring or
collagen deposition (Figure 1a). Alpha smooth muscle actin
(-SMA) was expressed in the periportal regions, with mini-
mal staining outside of portal-tract region (Figure 1a). Slices
from 2-day cultures had observable deposition of collagen
with more pronounced a-SMA staining in the portal tract,
suggestive of initial wound response and extracellular ma-
trix (ECM) reorganization. After 7 days in culture, there
was robust collagen deposition and fibrin formation in the
liver slices, and a-SMA expression was diffuse throughout
the slice, indicative of HSC activation and differentiation to
myofibroblasts. These histological changes correlated with
transcriptional changes indicative of HSC activation. After
48 h of culture, as collagen deposition and wound response
became apparent, expression of profibrotic genes COLIAI
(Figure 1b), COL3A1 (Figure 1c), and TIMP-1 (Figure 1d)
were significantly increased in two separate donors, in line
with previous findings.29 The expression levels further in-
creased with culture time corresponding to the collagen dep-
osition and fibrogenesis. However, during the first 12-24 h
in culture, the expression of fibrogenic genes was either un-
changed or decreased corresponding to the lack of scarring or
changes in a-SMA in the early time points of culture.

Temporal changes to vitamin A metabolism

Based on the antifibrogenic role of arRA, it was hypothesized
that the temporal changes of profibrogenic genes early in cul-
ture correlate with changes in arfRA concentrations. To test
this, retinoid concentrations were measured over 4—15 days
in liver slices from 5 donors. At baseline, atRA concentra-
tions were 0.01-0.045 pmol/mg (Figure 2; Table S2). The
baseline concentrations of retinyl palmitate (27-1250 pmol/
mg) and retinol (1.1-23 pmol/mg) were highly variable be-
tween donors (Table S2). The tissue concentrations of atRA
spiked at 12 h in all donors (2-95-fold increase compared
to baseline), with the arRA concentrations being signifi-
cantly greater (p = 0.0313) at 12 h compared with baseline
(Figure 2). This spike was followed by a rapid decline in
slice atRA concentrations by 48 h and throughout culture.
The acute spike in afRA concentrations at 12 h corresponded
to the substantial decrease in the collagen genes’ expression

ASCPT

(Figure 1b—d). Similarly, the subsequent decline in arRA
concentrations corresponded to the increase in collagen gene
expression. Despite the consistent changes in afRA concen-
trations and collagen gene expression, retinyl palmitate and
retinol concentrations did not consistently change with time
in the liver slices or in the media (Figure S3). Yet, the sub-
jects with the greatest change in afRA concentrations at 12 h
also had the highest retinol concentrations, whereas the sub-
jects with the smallest increase had the lowest. The media
concentrations of arfRA were unchanged for the first 48 h
followed by a decrease in media atRA concentrations over
prolonged culture.

The concentration of afRA is controlled by a complement
of metabolic enzymes, which are regulated by variety of en-
vironmental factors and by afRA concentrations. As such, we
hypothesized that the temporal changes in afRA concentrations
resulted from altered metabolic enzyme activities during culture.
To test this, retinol-dg metabolism was measured in liver slices
at different time points in culture. The formation rate of retinyl
palmitate-dg and afRA-dg was decreased at 12-16 h of culture
and further decreased at 4448 h in comparison to the first 4 h,
clearly demonstrating altered vitamin A metabolism in the liver
slices over the course of fibrogenesis. No differences were ob-
served in media or slice retinol-dgq concentrations (Figure 3).

To further explore whether the changes in retinol esterifica-
tion were related to altered enzyme expression, the time course
of LRAT, RBP4, CRBPI, and STRA6 mRNA expression was
assessed (Figure S4). LRAT mRNA decreased rapidly in the
first 24 h of culture (Figure S4a) corresponding to the observed
decrease in retinyl palmitate-dg formation. RBP4 and CRBP1
mRNA also decreased in the first 24 h. Expression of CRBP1
recovered and was increased by 48 h whereas RBP4 mRNA
stayed extremely low throughout culture (Figure S4c,d).
Expression of STRA6, encoding the retinol uptake transporter,
increased throughout the time course (Figure S4b).

Liver cell-type-specific basal expression of
vitamin A metabolic pathway genes

To explore which cell type in the liver may be driving the
changes in retinoid metabolism over the course of slice
culture, the expression of vitamin A metabolizing genes
was determined in isolated liver cell types from six do-
nors (Figure 4). As expected, LRAT was expressed pre-
dominantly in HSCs with no expression observed in
hepatocytes, total nonparenchymal cells (NPCs) or liver
sinusoidal endothelial cells (LSECs). Surprisingly, LRAT
mRNA was clearly expressed in CD32*hieh Kupffer cells
(KCs).*! Transcripts of the binding protein RBP4 were ob-
served in hepatocytes and HSC, but not clearly detected
in LSECs or KCs. The intracellular retinol binding protein
CRBP1 was expressed in hepatocytes, LSECs, HSCs, and
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FIGURE 1 Human liver slice cultures as a model for liver fibrogenesis. Human liver slices were cultured up to 15 days on inserts and collagen
deposition was assessed in fixed slices with Sirius Red (a; top row) and Trichrome staining (a; middle row). The onset of fibrogenesis was further
assessed by staining for alpha-smooth muscle actin, a marker of hepatic stellate cell activation (a, bottom row). Histological panels are shown at
25x magnification with scale bars equal to 250 pm. The time course of the mRNA expression of key fibrogenic genes COLIAI (b), COL3A]I (c),

and TIMP-1 (d) was assessed in slices from two donors in 1-3 replicate slices per time point and data are shown as mean and range
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CD32*e" KCs. Surprisingly STRA6 mRNA, indicative of  expression pattern in HSCs and CD32*"€" KCs, which may

uptake of RBP4-bound retinol from circulation, was below
the threshold of detection in the whole liver and in hepato-
cytes. Yet robust, although variable, STRA6 expression
was detected in HSCs and CD32*Me" KCs. Expression of
both ALDHIAI and ALDHIA2, the two retinaldehyde de-
hydrogenases that are believed to be the rate-limiting en-
zymes in afRA synthesis, was observed in all livers albeit
with distinctly different expression patterns. ALDHIAI
was broadly expressed but most robustly expressed in
hepatocytes. ALDHIA2, on the other hand, was expressed
in LSECs and HSCs. ALDHIA2 mRNA was also detected
in KCs when sorted based on the magnitude of CD32 ex-
pression (Figure 4).

Basal arRA is cleared predominantly by CYP26A1 in the
liver, but the localization of CYP26A1 in the liver is un-
known. CYP26A1 transcript expression was high in HSCs in
4 donors, whereas all 6 subjects had detectable, but low ex-
pression of CYP26A1 in hepatocytes (Figure 4). In addition,
CYP26A1 was measured in CD32M€" KCs from 2 donors.
Notably, LRAT, CYP26A1, and ALDHIA?2 all share a similar

be due to a requisite role in maintaining vitamin A homeo-
stasis in the liver and retinoid signaling in these cell types.
The relationships among major enzyme expression, func-
tion, and liver cell types are summarized in Figure 5.

Several liver enzymes in addition to the canonical vi-
tamin A metabolic pathway enzymes have activity toward
hepatic retinoid oxidation and the cell-type specific mRNA
expression of some of these enzymes was also measured.
Aldehyde oxidase (AOX) was detectable in whole liver and
hepatocytes in all subjects, in HSCs for 4 subjects, and in
CD32*"e" KCs in 2 subjects (Figure 4). CYPIBI, a poten-
tial retinaldehyde synthesizing enzyme, was expressed at
low levels in the whole liver, hepatocytes, LSECs, HSCs,
and KCs of all subjects, whereas ADH7 was expressed in
HSC and CD32*"&" KCs. CYP2C8 and CYP3A4 oxidize
atRA, and transcripts of both were abundant in whole liver,
hepatocytes, and HSCs. The fatty acid binding protein
FABPI was expressed in HSCs and hepatocytes unlike al-
bumin (ALB), which was observed in all liver cell-types
(Figure 4).
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(a) (b) FIGURE 3 Retinol-dg metabolism
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Kinetic modeling of vitamin A metabolic flux

To explore potential metabolic processes that result in the
time-dependent changes in retinoid concentrations in cul-
tured liver slices, and to define whether the detected changes
in enzyme expression could result in the observed changes in
retinoid concentrations, a kinetic model of vitamin A meta-
bolic flux was developed (Figure S1; Table S1). Simulations
were then performed to test the impact of perturbations in
specific activities on the liver retinoid metabolic flux and
concentrations. Decrease in LRAT expression/activity alone
resulted in a modest decrease in liver retinyl esters and el-
evation in liver retinol and afRA concentrations (Figure 6).
When a decrease in LRAT activity was combined with
CYP26 induction, liver afRA concentrations were predicted
to decrease, whereas retinol and retinyl palmitate concen-
trations were unaffected. Neither of these scenarios, while
supported by experimental data, could replicate the observed
spike in afRA concentrations. Yet, when changes in retinol
oxidation and retinaldehyde reduction (RDH and Dhrs medi-
ated pathways) were incorporated into the simulations, the
spike in atfRA concentrations and the lack of change in other
retinoids could be simulated (Figure 6), suggesting that the
time course of retinoid concentrations in the liver slices is a
result of changes in multiple enzymes’ activities. This model
was further tested via simulation of the changes in retinol-dg

metabolism with time (Figure 7). Consistent with the endog-
enous retinoid modeling, reduction of the activity/expression
of LRAT with or without CYP26 induction (Figure S5) alone
did not explain the decrease in formed retinyl palmitate-dg
or atRA-dg concentrations. Likewise, the iterative additions
of reduced retinal reductase activity, reduced retinol oxida-
tion, and induction of alternative retinol clearance pathway
failed to fully recapitulate the decrease in afRA formation
rate (Figure 7). However, the observed data could be sim-
ulated by decreasing the baseline retinal reductase activity
(Figure 7, Figure S5) further supporting the conclusion that
retinol oxidation and retinal reduction play key roles in regu-
lating temporal changes in liver arfRA concentrations. When
the simulation included a reduction in retinol oxidation, a
minor increase in retinol concentrations was observed sug-
gesting the alternative elimination/secretion of retinol must
be increased. Collectively, these simulations suggest that ret-
inal reduction and retinol oxidation drive the observed spike
in afRA concentrations.

DISCUSSION

All-trans-retinoic acid (afRA) is a multifaceted signaling
molecule that may mediate liver fibrogenesis. For exam-
ple, atRA has been shown to repress collagen expression
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FIGURE 4 Expression of genes encoding vitamin A metabolizing enzymes and binding proteins in different liver cell types. Human

liver samples (n = 6) were dissociated using collagen perfusion, and hepatocytes were separated from non-parenchymal cells using density

centrifugation. NPCs were stained with fluorescent antibodies towards liver cell-type specific markers and sorted into RNA-later using flow

cytometry. Total RNA was extracted from each liver sample and gene expression quantified using Fluidigm system. Data was normalized to the

average gene expression of three housekeeping genes: ACTB, GAPDH, and HPRT1 and expressed as “Relative Abundance” using the delta CT
method. Data is shown as individual 2727 with the mean and range. ALB, albumin; AOX, aldehyde oxidase; KC, Kupffer cell; LRAT, lethicin-

retinol acyltransferase; NPC, nonparenchymal cell
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in mice,”>?! and block profibrogenic signaling by TGF-f

via multiple indirect mechanisms.'®?” Yet, the role of afRA
signaling in human liver fibrogenesis has not been estab-
lished. The results shown here from precision cut human
liver slice cultures suggest that arRA liver concentrations
peak within the first 24 h after an acute liver injury and that
retinoid metabolizing enzymes in the HSC, and possibly
KC, may mediate this early response and the time-course of
fibrogenesis. Changes to retinoid metabolic enzyme expres-
sion and activity were found to precede HSC activation and
collagen upregulation. Kinetic simulations of the vitamin A
metabolic flux support the interpretation that the early peak
of atRA concentrations is a result of carefully orchestrated
changes in the enzymatic activities of multiple enzymes in
the vitamin A metabolic pathway. Together, the data support

a strong link among altered afRA concentrations, vitamin A
metabolism, and liver fibrogenesis.

The current study demonstrates that afRA signaling is
preferentially localized in HSC following liver injury and
that early changes in atRA formation and/or clearance may
result in a delay in HSC activation, a-SMA mRNA expres-
sion, and collagen deposition. Within the first 12 h after
liver injury, atRA concentrations reproducibly and signifi-
cantly peaked in every donor despite variability in the basal
retinoid concentrations, suggesting afRA signaling may be
a core element in the response to injury. HSCs are vital con-
tributors to both the wound-repair and fibrosis process, al-
though many different liver cell types are involved in acute
liver injury.*” This implies that early changes in HSC result
in retinoid-mediated signaling effects on other liver cells.
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FIGURE 6 Simulations of time-dependent changes of endogenous retinoids (retinyl ester, retinol, and afRA) in human liver slices using the
developed retinoid flux model. The simulations show five different scenarios of changes in enzymatic activities: (1) LRAT expression/activity is
decreased (a—c); (2) LRAT expression/activity is decreased and CYP26 expression is induced (d—f); (3) LRAT and retinal reductase expression/
activity are decreased and CYP26 expression is induced (g—i); (4) LRAT, retinal reductase, and retinol oxidase expression/activity are decreased
and CYP26 expression is induced (j—1); and (5) LRAT, retinal reductase, and retinol oxidase expression/activity are decreased and CYP26 and
retinol additional elimination pathway are induced (m—o). The observed data from experiments in individual donors are shown in blue open
circles. The simulation results are shown in red solid curves. The left, middle, and right columns show endogenous retinyl ester, retinol, and afRA
respectively. atRA, all-trans-retinoic acid; LRAT, lethicin-retinol acyltransferase

Recent anatomic evidence supports the idea that KCs inter- liver cell types.33 This close contact favors the transmission
act intimately with HSCs, LSECs, and hepatocytes, form- of an array of paracrine signals promoting KC activation,
ing a complex niche that favors cross-talk between all major hepatocyte proliferation, and tissue reorgamizattion.n"34 In
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FIGURE 7 Simulations of dg-labeled retinoid (retinyl ester, retinol, and afRA) concentrations in human liver slices. The concentrations

shown are the simulated values at the end of 4 h of culture after dosing retinol-dg at 0 h (shown in black), 12 h (shown in red), and 44 h (shown

in blue) post-slicing using the developed retinoid flux model in four different scenarios: (1) LRAT and retinal reductase expression/activity

were decreased and CYP26 expression was induced (a—c); (2) LRAT, retinal reductase, and retinol oxidase expression/activity were decreased

and CYP26 expression was induced (d—f); (3) LRAT, retinal reductase, and retinol oxidase expression/activity were decreased and CYP26 and

retinol additional elimination pathways were induced (g—i); and (4) LRAT expression/activity were decreased and CYP26 and retinol additional

elimination pathway was induced, the baseline retinal reductase expression/activity was assumed to be low, and both retinal reductase and retinol

oxidase expression/activity remain constant (j-1). The left, middle, and right columns show d¢-labeled retinyl ester, retinol, and afRA, respectively.

The simulation results of additional scenarios of enzyme expression/activity level are shown in Figure S3. arRA, all-trans-retinoic acid; LRAT,

lethicin-retinol acyltransferase
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lieu of termination of the wound repair process, activated
HSCs may trans-differentiate into myofibroblasts. Such
myofibroblasts produce an excess of fibril forming type I
and III collagens, which are deposited in the Space of Disse
and constitute fibrosis.**** HSC activation is also strongly
associated with the loss of retinoid stores from lipid drop-
lets."* However, surprisingly, no significant changes in the
total liver retinyl ester or retinol concentrations were ob-
served in the current study. This finding may reflect the
complex changes to the metabolic pathway and binding
proteins during the acute phase response and the size of the
retinyl ester reserves in the liver slices.’

At basal levels, the results indicate that HSCs have a
dominant role and can mediate every step in the metabolic
pathway maintaining vitamin A homeostasis. This is sup-
ported by extensive literature evidence implicating HSCs as
central in retinoid metabolism."'> However, a novel finding
of this study is that KCs are also equipped to play a major
role. Notably, both HSCs and KCs expressed the mRNA for
ADH7, one of many RDH and Dhrs enzymes involved in the
reversible formation and reduction of retinaldehyde. The re-
sults from this study also suggest that hepatocytes provide
minimal contribution to basal vitamin A homeostasis, afRA
biosynthesis, and clearance, but are important for maintain-
ing circulating retinol concentrations. Collectively, these
findings suggest that HSCs, and possibly a subset of KCs,
are critical for maintaining vitamin A metabolic homeostasis
in the liver.

After the acute liver injury resulting from slicing, retinoid
metabolism was altered. A previous study in rodents showed
that secretion of IL-1la by KCs postinjury activates stellate
cells, downregulates LRAT mRNA expression, and reduces
liver retinyl ester stores. In the current study, LRAT mRNA
expression rapidly decreased post-slicing, whereas the forma-
tion rate of retinyl palmitate-dg from retinol-dg was decreased.
This is in agreement with previous findings. 13 Within the first
16 h, the apparent formation of atRA-dg from retinol-dg was
also reduced. This is supported by data from 2 liver slice
studies suggesting CYP26A1 is induced by 24 h* and after
5 days in culture.*® However, based on the kinetic modeling,
decrease in LRAT expression and induction of CYP26A1 are
not sufficient to explain the time-dependent changes in vi-
tamin A metabolic flux. Although there are no data on the
impact of liver disease on the various RDH and Dhrs enzyme
expression or activity, ALDHIAI and ALDHIA2 were pre-
viously found to be upregulated at 5 days.,36 but not in 24-h
cultures.™ This data together with our modeling suggests
that the spike in afRA concentrations cannot be explained by
changes in ALDHIA activity.

The simulations of vitamin A metabolic flux indicate
that a key component driving changes in afRA concentra-
tions is change in RDH and/or Dhrs activity after injury. In
addition, a decrease in retinol esterification and increase in

ASCPT

atRA clearance appear to be important for modulating afRA
concentrations and signaling after liver injury. Retinol oxi-
dation is considered the overall rate-limiting step in arRA
biosynthesis, although many enzymes have been attributed
to this reversible reaction and the predominant enzymes in-
volved in the liver are not clear.’ Recent literature evidence
has suggested that RDHs and Dhrs may work cooperatively
to facilitate higher catalytic rates.”’ Specifically, RDH10
and the arRA-inducible Dhrs3 form a higher order protein
complex, and cooperatively work to maintain steady-state
retinaldehyde levels and slow arRA formation to prevent ex-
cess afRA formation.®*”*® The simulations presented here
collectively incorporate these enzymatic processes but the
developed kinetic model does not have the sensitivity to dif-
ferentiate between RDH and Dhrs activity and cooperativ-
ity. In addition, retinoid binding protein changes or cofactor
availability cannot be ruled out by the data in the current
study as causes for altered enzyme activity.6’7 Overall, the
simulations emphasize the need for defining the role of spe-
cific oxidoreductases in vitamin A homeostasis in the liver,
in response to acute liver injury and association with HSC
activation.

In conclusion, HSC and a subset of KC are responsible for
vitamin A metabolism in the liver, and likely responsible for
the acute elevation of afRA liver concentrations. The afRA
may protect the liver from profibrogenic HSC activities, but
its effects are transient due to complex changes in vitamin A
metabolism. These findings suggest that re-establishing vita-
min A homeostasis following the wound repair process may
prevent the development of liver fibrosis, and that pharma-
cological use of retinoids may be beneficial in liver injury.
Future experiments are needed to quantify the changes in
protein expression of retinoid metabolizing enzymes and de-
termine if expression correlates with retinoid concentrations
and/or the degree of fibrosis in patients with liver injury. In
addition, pharmacological interventions to combat vitamin A
dysregulation following liver injury should be explored for its
potential to promote liver regeneration and delay fibrogenic
processes.
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