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Cholesterol Crystals in Hepatocyte Lipid
Droplets Are Strongly Associated With

Human Nonalcoholic Steatohepatitis

George N. Ioannou

,13 Charles S. Landis,? Ga—Young]in,3 W. Geoffrey Haigh,3 Geoffrey C. Farrell,* Rahul Kuver,” Sum P. Lee,>

and Christopher Savard!'?

It is unclear what drives the development of fibrosing nonalcoholic steatohepatitis (NASH). We aimed to determine
whether cholesterol crystallization within hepatocyte lipid droplets (LDs) distinguishes patients with fibrosing
NASH from patients with isolated hepatic steatosis and to study pathways leading to cholesterol accumulation in
hepatocyte LDs. Patients with fibrosing NASH (n=16) were compared to patients with isolated steatosis (n=14).
Almost all patients with fibrosing NASH had free cholesterol staining by filipin (16/16) and cholesterol crystals
(15/16) in hepatocyte LDs, mostly in association with the LD membrane, compared to only 3/14 with cholesterol
crystals and 3/14 with faint filipin staining in patients with isolated steatosis (P < 0.05). We were unable to identify
significant differences in the expression of genes in liver tissue related to cholesterol homeostasis or LD proteins
between patients with fibrosing NASH and isolated steatosis. Human hepatoma cell line (HepG2) cells were sup-
plemented with low-density lipoprotein (LDL)-cholesterol and oleic acid to develop large LDs, similar to those
observed in patients with NASH. Fluorescent markers were used to track the uptake and intracellular trafficking of
LDL-cholesterol. LDL-cholesterol was taken up by HepG2 cells and transported through the endosomal-lysosomal
compartment directly to LDs, suggesting direct contact sites between late endosomes and LDs. Exposure of HepG2
cells to LDL-cholesterol resulted in a high concentration of cholesterol and cholesterol crystallization in LDs.
Conclusion: Excess cholesterol is stored in the liver primarily within hepatocyte LDs where it can crystallize. Our
findings are best explained by direct transport of cholesterol from late endosomes/lysosomes to LDs in hepatocytes.
We found a strong association between the presence of LD cholesterol crystals and the development of fibrosing

NASH in humans, suggesting a causal relationship. (Hepatology Communications 2019;3:776-791).

xcess dietary cholesterol can lead to the devel-
opment of experimental nonalcoholic steatohep-
atitis (NASH) in a variety of animal models. ¥
In humans, hepatic free cholesterol levels were found
to be elevated in NASH® and dietary cholesterol

intake was associated with development of cirrhosis."”

Furthermore, statin use was associated with ameliora-
tion of hepatic steatosis, inflammation, and fibrosis,(n'l(’)
albeit mostly in uncontrolled or observational studies
or studies using surrogate biochemical or radiographic

Abbreviations: BC, Bodipy-labeled cholesterol; BMI, body mass index; ER, endoplasmic reticulum; HCV; hepatitis C virus; HepG2, human
hepatoma cell line; LD, lipid droplet; LDL, low-density lipoprotein; LE/Ly, late endosomes/lysosomes; MCS, membrane contact site; NAFLD,
nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; OA, oleic acid.
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instead of histologic endpoints. Collectively, these
data suggest that hepatic cholesterol is an important
etiologic factor that can lead to the progression from
isolated steatosis to fibrosing steatohepatitis, both in
animal models and in humans."”

The mechanisms by which hepatic cholesterol may
promote the development of NASH remain uncer-
tain. We proposed that crystallization of cholesterol
within hepatocyte lipid droplets (LDs) represents one
such mechanism. We reported that cholesterol crystals
were present within the LDs of steatotic hepatocytes
in mouse models of NASH induced by a high-fat
high-cholesterol diet but not in mice with isolated
steatosis.**'® We found that cholesterol-lowering
drugs that caused dissolution of cholesterol crystals
also caused resolution of NASH in a mouse model.")
We also demonstrated that enlarged Kupffer cells sur-
rounded steatotic dead hepatocytes containing cho-
lesterol crystals and appeared to process the remnant
LDs within these hepatocytes, forming “crown-like”
structures. Thus, both hepatocytes and Kupffer cells
become exposed to cholesterol crystals, which are
highly proinflammatory and may contribute to the
chronic “sterile inflammation” of NASH.

The extent to which cholesterol crystallization
occurs in hepatocyte LDs in human nonalcoholic fatty
liver disease (NAFLD) is unclear. More importantly,
the extent to which hepatocyte cholesterol crystalli-
zation distinguishes the presence of advanced steato-
hepatitis as opposed to isolated steatosis in humans
is unknown. If a strong association exists between
the presence of cholesterol crystals in hepatocyte
LDs and the presence of fibrosing NASH, it would
suggest that these cholesterol crystals have patho-
genetic significance in causing NASH rather than
simply being innocent bystanders. Furthermore, the

ARTICLE INFORMATION:

IOANNOUET AL.

presence of hepatocyte cholesterol crystals could be
used as a biomarker for the presence or future devel-
opment of advanced fibrosing NASH. Therefore, we
aimed to determine whether the presence of choles-
terol crystals in hepatocyte LDs was associated with
histologic disease severity in patients with NAFLD.

Mammalian cells acquire cholesterol through
receptor-mediated endocytosis of low-density lipo-
protein (LDL). In most cell types, the major function
of cholesterol is to serve as a membrane constituent,
especially in the plasma membrane. However, hepato-
cytes are unique in that they can also store large
amounts of cholesterol within their LDs. In fact, we
demonstrated that excess body cholesterol in mice is
stored primarily in the liver rather than in adipose tis-
sue."™ How cholesterol accumulates and eventually
crystallizes in hepatocyte LDs is unclear. Given the
potential significance of excess hepatocyte cholesterol
in the development of NASH, our second aim was
to use a human hepatoma cell line (HepG2) cell cul-
ture to study iz vitro the route by which endocytosed
LDL-cholesterol accumulates and subsequently crys-
tallizes in the LDs of steatotic hepatocytes.

Patients and Methods
STUDY POPULATION

Patient data, serum specimens, and liver tissue were
derived from two prospective biorepositories at the
University of Washington (UW) and the affiliated
Veterans Affairs Puget Sound Health Care System
(VAPSHCS). These biorepositories prospectively
recruited patients undergoing clinically indicated liver
biopsies and stored liver tissue that was flash frozen
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in liquid nitrogen immediately after liver biopsy. We
identified patients with NAFLD based on histologic
hepatic steatosis on liver biopsy in the absence of hepa-
titis C virus (HCV; negative serum HCV antibody and
HCV RNA), hepatitis B virus (HBV; negative serum
HBYV surface antigen), excessive alcohol consumption
(dedicated alcohol questionnaire administered on the
day of the liver biopsy), iron overload (hepatic stain
and serum iron markers), or markers of autoimmune
liver diseases. Liver slides were prospectively reviewed
by a hepatopathologist who scored the grade of steato-
sis (1-3), inflammation (0-3), and ballooning degener-
ation (0-2) and the stage of fibrosis (0-4) according to
the system proposed by Kleiner et al.® From these
two biorepositories, we randomly selected patients with
NAFLD without prior knowledge of absence/pres-
ence of hepatic cholesterol crystals, who had available
stored frozen liver tissue, and who either had histo-
logic “isolated steatosis” or “fibrosing NASH” defined
as follows: isolated steatosis, also known as nonalco-
holic fatty liver® (n = 14), defined by histologic ste-
atosis grades 1-3, inflaimmation grade 0-1, fibrosis
stage 0, and ballooning degeneration grade 0; fibrosing
NASH (n = 16), defined by histologic steatosis grades
1-3, inflammation grade 1-3, fibrosis stage 1-3, and
ballooning degeneration grade 1-2. We purposefully
selected patients with NASH and fibrosis because of
the recent recognition that fibrosis is the histologic
feature most strongly associated with adverse long-
term outcomes in patients with NAFLD. 2

Of these 30 patients, 7 had been included in a prior
publication that described the presence of cholesterol
crystals in humans with fatty liver disease but that per-
formed no statistical analyses.(4) We compared the two
groups with respect to the presence of hepatocyte cho-
lesterol crystals within LDs and the degree of hepato-
cyte filipin staining for free cholesterol. Relevant clinical
characteristics and laboratory tests had been prospec-
tively collected as part of the two biorepositories.

All study participants provided informed consent.
The study was approved by the Institutional Review
Boards of UW and VAPSHCS.

ASSESSMENT OF HEPATOCYTE
CHOLESTEROL CRYSTALS

Fresh-frozen liver tissue was embedded in opti-
mal cutting temperature compound and sectioned at
a thickness of 10 pm. Sections were allowed to come
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to room temperature, immediately cover slipped using
pure glycerol as the mounting medium without apply-
ing any stain, and examined using a Nikon Eclipse
microscope with and without a polarizing filter to eval-
uate for the presence of birefringent crystals typical
of cholesterol crystals.(4’5’18) Cholesterol crystallization
within hepatocyte LDs was categorized semiquantita-
tively and independently by two investigators blinded
to liver histology, as follows: 0, no crystals; 1, small bire-
fringent crystals seen in the periphery of LDs; 2, large
prominent birefringent crystals in the periphery of
LDs. Additionally, Image] software (National Institutes
of Health, Bethesda, MD) was used to calculate the
percentage area that was birefringent as the average of
10 randomly selected magnification x200 fields.

ASSESSMENT OF FREE
CHOLESTEROL STAINING WITH
FILIPIN

Frozen liver sections were stained with filipin,
which identifies free cholesterol by interacting with
its 3p-hydroxy group to fluoresce blue,*?*
ined using a Nikon Eclipse fluorescence microscope
with an excitation 340-380 nm/emission 435-485 nm
filter in place. Filipin staining of hepatocyte LDs was
categorized semiquantitatively and independently by
two investigators blinded to liver histology, as follows:
0, no filipin stain; 1, faint filipin staining of some
LDs; 2, intense filipin staining of most LDs. Image]
software was used to calculate the percentage area
that was filipin positive as the average of 10 randomly
selected magnification x200 fields.

) and exam-

HUMAN HEPATIC GENE
EXPRESSION STUDIES

Total RNA was isolated from liver biopsies using
RNeasy mini kit (Qiagen, Valencia, CA) and reverse
transcribed to complementary DNA. Quantitative real-
time reverse-transcription polymerase chain reaction
was performed in triplicate using TagMan gene expres-
sion assays, and results were expressed as relative gene
expression normalized to expression levels of B-actin as
the housekeeping gene. We measured the messenger
RNA gene expression of proteins critical for cholesterol
synthesis, export, uptake, esterification and conversion
to bile acid, proteins related to inflammation, and pro-

teins expressed on LDs (Supporting Table S1).
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CELL CULTURE

Cultured HepG2 cells were supplemented twice/
week with LDL-cholesterol (200 mg/dL) and oleic
acid (OA; 200 pM) in order to develop large LDs, as
described.® Following this, Bodipy-labeled choles-
terol (BC) (TOPFLUOR Cholesterol-810255; Avanti
Polar Lipids, Birmingham, AL) was incorporated into
LDL? and introduced into the media of the HepG2
cells, which were studied 2, 4, 6, 24, or 72 hours later to
track the uptake and intracellular trafficking of LDL-
cholesterol. BC is a fluorescent cholesterol analogue
that has been shown to closely mimic the membrane
partitioning and trafficking of cholesterol.***

HepG2 cells were incubated with 1 mg/mL
rhodamine B-dextran (10,000 molecular weight) over-
night to label endosomes.® Additionally, HepG2
cells were incubated with the lysosome marker
LysoTracker Red DND-99 (50 nM) for 2 hours to
label lysosomes. Finally, the endoplasmic reticulum
(ER) was labeled using CellLight ER-RFP, BacMam
2.0 (Thermo Fisher Scientific).

HepG2 cells were trypsinized and run on a flow
cytometer to measure side scatter. We used the shift
in side scatter of the flow cytometry laser beam as a
measure of intracellular cholesterol crystallization, as
described.?®’ Additionally, LDs with or without cho-
lesterol crystals were isolated and run on flow cytome-
try to measure their side scatter and compare it to that
induced by pure synthetic cholesterol crystals that we
synthesized by cholesterol precipitation.

Results
PATIENT CHARACTERISTICS

The majority of patients had diabetes mellitus
(53%) and were obese (mean body mass index [BMI],
34 kg/m?), as expected in patients with NAFLD/
NASH. There were no substantial differences bet-
ween patients with NASH versus isolated steatosis
in age, race/ethnicity, sex, BMI, prevalence of diabetes,
or use of cholesterol-lowering medications (Table 1).
Compared to patients with isolated steatosis, those
with NASH had higher mean serum alanine amino-
transferase, aspartate aminotransferase, and total cho-
lesterol and triglyceride levels and lower high-density
lipoprotein cholesterol levels, but these differences
were not statistically significant (except ALT).
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PATIENTS WITH NASH
EXHIBITED EXCESSIVE
FREE-CHOLESTEROL STAINING
AND CHOLESTEROL CRYSTALS
WITHIN HEPATOCYTE LDs, BUT
PATIENTS WITH ISOLATED
STEATOSIS DID NOT

Patients with NASH had typical histologic features
of fibrosing steatohepatitis with hepatic fibrosis and
ballooning hepatocytes, while patients with isolated
steatosis had no fibrosis or ballooning hepatocytes
(Fig. 1; Table 1).

Almost all patients with fibrosing NASH had cho-
lesterol crystals under polarized light (15/16; Fig. 1H)
and intense or mild free-cholesterol staining by fili-
pin (16/16; Fig. 1F) within hepatocyte LDs compared
to only 3/14 with cholesterol crystals and 3/14 with
faint filipin staining in patients with isolated steatosis
(P < 0.05). Quantitative assessment of the percentage
area of the liver sections taken up by cholesterol crys-
tals or filipin staining confirmed the significant dif-
ferences between patients with NASH and those with
isolated steatosis (Table 1).

The degree of free-cholesterol staining and cho-
lesterol crystallization of hepatocyte LDs was graded
semiquantitatively, with representative pictures shown
in Fig. 2. Free-cholesterol staining by filipin (Fig. 2E)
corresponded to the birefringent cholesterol crystals
seen under polarized light (Fig. 2F) and outlined the
membrane of the LD:s.

Hepatic gene expression studies, performed in 26
of 30 patients in whom we isolated hepatic RNA,
did not reveal any statistically significant differences
in the expression of genes related to cholesterol
homeostasis, inflammation, or LD proteins between
patients with fibrosing NASH and isolated steatosis
or between patients with or without cholesterol crys-
tals (Supporting Table S1).

HepG2 CELLS EXPOSED TO
OA AND LDL-CHOLESTEROL
DEVELOP LARGE LDs WITH
CHOLESTEROL CRYSTALS

HepG2 cells exposed to LDL-cholesterol and OA
for only 3 days developed small LDs without choles-
terol crystals (Fig. 3A,C). However, when exposed to
LDL-cholesterol and OA for at least 20 days, they
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TABLE 1. COMPARISON OF PATIENTS WITH NASH VERSUS ISOLATED STEATOSIS WITH
RESPECT TO PRESENCE OF HEPATOCYTE CHOLESTEROL CRYSTALS AND OTHER HISTOLOGIC,
CLINICAL,AND DEMOGRAPHIC CHARACTERISTICS

Simple Simple
Steatosis NASH Clinical and Demographic Steatosis NASH

Histologic Characteristics n=14 n=16 Characteristics n=14 n=16
Hepatocyte cholesterol crystallization, Age. mean (SD) 55.4 (10.5) 53.3(9.7)

grade,* n (%) Male, n (%) 10 (71%) 9 (56%)

0 11 (79%) 1(6%) Race/ethnicity

1 2 (14%) 7 (44%) Non-Hispanic white 13 (93%) 13 (81%)

2 1 (7%) 8 (50%) Non-Hispanic black 0 (0%) 1 (6%)
Hepatocyte cholesterol crystallization,* 0.3(0.6) 1.4 (0.6) Hispanic 1(7%) 0 (0%)

mean grade (SD) Other 0 (0%) 2 (13%)
Cholesterol crystals area™ 0.04% 2.53% BMI kg/m? 34.1 (5.5) 339 (4.8)
(% of liver area) (SD) (0.08) (3.8) Diabetes, n (%) 7 (50%) 10 (62.5%)
Hepatic filipin stain grade,* n (%) Fasting blood levels, mean (SD)

0 11 (79%) 0 (0%) ALT* (U/L) 46.9 (28.8) 76.7 (46.9)

1 3(21%) 6 (38%) AST (U/L) 33.6 (16.7) 54.1 (27.4)

2 0 (0%) 10 (63%) Total cholesterol 178 (35.2) 198.1 (57.1)
Hepatic filipin stain,* mean grade (SD) 0.2 (0.4) 1.6 (0.5) LDL-cholesterol 105.9 (24.7) 107.6 (41.9)
Filipin stain area* 0.18% 1.73% HDL-cholesterol 46.6 (22.1) 34.3(4.8)
(% of liver area) (SD) 0.4) 27) Triglyceride 220.4 (184.7) 273.3 (149.9)
Hepatic histology,” n (%) Platelet count 170.8 (59.6) 193.6 (76.7)
Steatosis grade Cholesterol-lowering medications, n (%)

0 0 (0%) 0 (0%) Statin 4 (29%) 5 (31%)

1 9 (64%) 3 (19%) Ezetimibe 0 (0%) 1 (6%)

2 5 (36%) 9 (56%)

3 0 (0%) 4 (25%)
Inflammation grade*

0 0 (0%) 0 (0%)

1 14 (100%) 8 (50%)

2 0 (0%) 7 (44%)

3 0 (0%) 1(6%)
Ballooning degeneration*

0 14 (100%) 0 (0%)

1 0 (0%) 8 (50%)

2 0 (0%) 8 (50%)
Fibrosis stage*

0 14 (100%) 0 (0%)

1 0 (0%) 10 (63%)

2 0 (0%) 4 (25%)

3 0 (0%) 2 (13%)

4 0 (0%) 0 (0%)

*Characteristics that are significantly (P < 0.05) different between NASH and isolated steatosis.

FScored according to the system proposed by Kleiner et al.’?

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; HDL, high-density lipoprotein.

developed large LDs with birefringent cholesterol
crystals (Fig. 3B,D), similar in appearance to the ones
we noted in humans in vivo. HepG2 cells exposed to
both LDL-cholesterol and OA accumulated greater
concentrations of free cholesterol than cells exposed
to LDL-cholesterol alone, OA alone, or control media
(Fig. 4A). Only cells exposed to both LDL-cholesterol
and OA developed birefringent cholesterol crystals.
HepG2 cells exposed to both OA and LDL-
cholesterol caused a substantial increase in the side
scatter of the flow cytometry laser beam (Fig. 4B),
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suggesting that they contained cholesterol crystals.
In order to further demonstrate that the side scatter
of the laser beam was caused by cholesterol crystals
within the LDs of HepG2 cells, we isolated LDs from
cells with and without cholesterol crystals. Isolated
LDs with cholesterol crystals produced almost iden-
tical side scatter of the flow cytometry laser beam as
pure synthetic cholesterol crystals, while LDs without
cholesterol crystals did not (Fig. 4C). This provides
turther evidence of the presence of cholesterol crystals

within the LDs.
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FIG. 1. Representative histologic sections from patients with isolated steatosis and patients with NASH. Large LDs were present
in (A) patients with isolated steatosis (left column) and (B) patients with NASH (right column). (C,D) Patients with NASH had
ballooning hepatocytes and hepatic fibrosis, while patients with isolated steatosis did not. (E-H) Patients with isolated steatosis had no
filipin staining for free cholesterol and no birefringent cholesterol crystals under polarized light within hepatocyte LDs in frozen liver
sections. In contrast, the LDs of patients with NASH, exhibited positive filipin staining and birefringent cholesterol crystals. Scale bar,
50 pm. Abbreviation: H&E, hematoxylin and eosin.

A Filipin B Polarization

20 ym

FIG. 2. Staining for free cholesterol and birefringent cholesterol crystals. The extent of filipin staining for free cholesterol and
birefringent cholesterol crystals under polarized light in human liver biopsies was graded semiquantitatively into (A,B) grade 0 (none),
(C,D) grade 1 (faint), and (E,F) grade 2 (intense). Quantitative assessment of the mean percentage area of each liver section staining
positive confirmed differences between grade 0 (0.09% for filipin and 0.02% for cholesterol crystals), grade 1 (1.06% for filipin and
0.15% for cholesterol crystals), and grade 2 (2.25% for filipin and 4.18% for cholesterol crystals). Scale bar, 20 pm.

LDL-CHOLESTEROL TAKEN UP BY
HepG2 CELLS IS TRANSPORTED
THROUGH THE ENDOSOMAL-
LYSOSOMAL COMPARTMENT
AND STORED DIRECTLY IN

LDL with BC. BC begins to be clearly evident within
HepG2 cells at 6 hours and continues to accumulate
at 24 and 72 hours. BC accumulated almost exclu-
sively within the LDs (Supporting Fig. S1). The pre-
treated cells had much larger initial LDs in which the

THE LDs

HepG2 cells were either pretreated for 2 weeks
with LDL + OA to develop large LDs and then
exposed to LDL with BC or were directly exposed
to LDL with BC without pretreatment. The cells

were imaged 2, 4, 6, 24, or 72 hours after exposure to
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BC was incorporated; otherwise the process was simi-
lar in the pretreated and non-pretreated cells.

In colabeling studies, we found extensive colocal-
ization of BC with lysosomes or BC with endosomes
(Fig. 5). This demonstrates that the LDL-cholesterol
taken up by receptor-mediated endocytosis passes
the endosomal-lysosomal

through

compartment
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Time treated with LDL + OA

A 3 Days

Bodipy

Polarization

B 20 Days

FIG. 3. LD development. (A) HepG2 cells exposed to LDL + OA for 3 days only develop small LDs without cholesterol crystals.
(B) When exposed to LDL + OA for 20 days, they develop large LDs with cholesterol crystals. (A,B) Scale bar, 50 pm. (C,D)
LDL + OA for 3 days and 20 days, respectively, under polarized light. Scale bar, 10 pm.

before accumulating in the LDs, as expected. However,
we did not find any significant colocalization of BC
with the ER compartment, demonstrating that LDL
cholesterol does not pass through the ER before accu-
mulating in the LDs. This suggests that direct mem-
brane contact sites between the endosomal-lysosomal
compartment and the LDs facilitate cholesterol trans-
port between the two organelles.

Taken together, our results suggest that cholesterol
taken up by hepatocytes in the form of LDL is trans-
ported through the endosomal-lysosomal compart-
ment directly onto the LD membrane, where it may
crystallize if it exceeds the concentration that can be
“solubilized” by the phospholipids in the membrane
(Fig. 6).

Discussion

We demonstrated a very strong association between
the presence of cholesterol crystals within hepato-
cyte LDs and the development of fibrosing NASH
in humans. Almost all patients with fibrosing NASH

in our study had evidence of cholesterol crystalliza-
tion in the periphery of hepatocyte LDs in association
with the LD membrane. We also showed iz vifro that
LDL-cholesterol taken up by receptor-mediated endo-
cytosis is transported directly from the endosomal-
lysosomal compartment into the LDs of hepatocytes
and accumulates almost exclusively within LDs where
it crystallizes (Fig. 6). This suggests the presence of
direct membrane contact sites between endosomes/
lysosomes and LDs that facilitate cholesterol trans-
ter. Collectively, our results suggest that excess hepatic
cholesterol preferentially accumulates in hepatocyte
LDs, where it may crystallize if it exceeds a thresh-
old concentration, and promotes the development of
NASH.

Despite many decades of research, it remains
unclear what the “alcohol” equivalent of “nonalco-
holic” steatohepatitis is, that is, the primary factor or
factors that causatively drive the progressive inflam-
mation and fibrosis of NASH. Our results suggest
that crystallization of cholesterol in hepatocyte LDs
may be such a factor. Although our study only showed
that cholesterol crystals are present in NASH and did
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FIG. 4. HepG2 cells exposed to control media, OA only, LDL-cholesterol only (LDL), or both LDL + OA for 20 days. (A) HepG2
cells exposed to LDL + OA accumulate a greater concentration of free cholesterol than cells exposed to control media or LDL alone or
OA alone. Data represent mean + SD; *P < 0.05. (B) Exposure to HepG2 cells to OA + LDL (red line) results in a substantial increase
in side scatter (plotted on the x axis) of the flow cytometry laser beam. The side scatter of the laser beam is increased by cholesterol
crystals within the LDs of HepG2 cells. (C) Isolated LDs with cholesterol crystals (blue line) produce almost identical side scatter of
the flow cytometry laser beam as synthetic cholesterol crystals (red line), while lipid droplets without cholesterol crystals (black line) do
not. This provides further evidence of the presence of cholesterol crystals within the LDs. Abbreviation: SSC-A, side scatter.
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A Bodipy-cholesterol (GREEN) B Lysosome marker (RED)

C Overlay of Bodipy-cholesterol + Lysosome marker

FIG. 5. Confocal microscopy of trypsinized HepG2 cells. HepG2 cells were pretreated for 3 weeks with LDL + OA in order to
develop large LDs and then exposed to LDL with BC for 1 day (labeled GREEN) to track the uptake and intracellular trafficking
of cholesterol. The cells are also labeled with either (A-C) a lysosome marker (RED, lysosome tracker), (D-F) an endosome marker
(RED, rhodamine dextran), or (G-I) an ER marker (RED, CellLight ER-RFP). When RED and GREEN stains are overlaid (i.e.,
localized in the same compartment), they appear YELLOW. BC (GREEN) accumulates in the LDs. Overlays of different markers
show that most of the endosomes and lysosomes contain cholesterol (i.e., they costain with BC and appear YELLOW [C,F]). However,
the ER only stains RED and shows little or no costain with BC (i.e., there is very little YELLOW costain [I]). This suggests that
LDL-cholesterol taken up by receptor-mediated endocytosis goes directly from the endosomal-lysosomal compartment to the LDs
without passing through the ER. Abbreviation: RFP, red fluorescent protein. Scale bar, 10 pm.
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D Bodipy-cholesterol (GREEN) E Endosome marker (RED)

F Overlay of Bodipy-cholesterol + Endosome marker

FIG. 5. Continued.

not identify specific pathogenetic mechanisms, cho- as the nucleotide-binding oligomerization domain,
lesterol crystals are known to induce cellular toxicity leucine rich repeat, and pyrin domain containing 3
and to activate many proinflammatory pathways, such  (NLRP3) inﬂammasome,(27’28) that are thought to
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G Bodipy-cholesterol (GREEN) H Endoplasmic reticulum marker (RED)

I Overlay of Bodipy-cholesterol + Endoplasmic reticulum marker

FIG. 5. Continued.

play a role in NASH.?*3?) In addition, the high con- the rigidity of the LD membrane and disrupt the
centration and eventual crystallization of cholesterol function of proteins residing on the LD membrane,
on the LD membrane should be expected to increase  hundreds of which have been described.®*** Such
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FIG. 6. Schematic representation of the cholesterol crystallization process. Circulating LDL-cholesterol is taken up by hepatocytes by
receptor-mediated endocytosis. The receptor is internalized in clathrin-coated vesicles. Within the endosomal-lysosomal compartment,
LDL particles are released and cholesterol ester is hydrolyzed to free cholesterol by lysosomal acid lipase and transferred sequentially
from NPC2 to NPC1 and onto the membrane of the lysosome. Our results suggest that direct MCSs between lysosomes and LDs
facilitate the transport of free cholesterol from the lysosomal membrane to the LD membrane. As the cholesterol concentration in
the LD membrane increases, it eventually exceeds the ability of phospholipid headgroups to cover all the cholesterol molecules and
excess molecules precipitate adjacent to the membrane, forming cholesterol monohydrate crystals. Abbreviations: CE, cholesterol ester;

NPC2/1, Niemann-Pick disease, type C, intracellular cholesterol transporter 2/1; TG, triglyceride.

effects of membrane cholesterol concentration have
been well described in the mitochondrial membrane
(where cholesterol affects the function of the 2-oxog-
lutarate carr1er(35) and on the ER membrane (where
cholesterol affects the function of sarco(endo)plas-
mic reticulum Ca®*—adenosine triphosphatase).3%37)
Future work is needed to identify how the cholesterol
crystallization in the LD membrane that we described
influences or disrupts the function of specific proteins
in the LD membrane and of the entire organelle.

It is frequently quoted that adipose tissue is
the main site of cholesterol storage in humans. (38)
However, this is unlikely to be true because adipocyte
LDs contain almost no cholesterol esters, the storage
form of cholesterol®*V; instead, they are composed
almost entirely of triglycerides. Adipocytes contain
small amounts of free cholesterol in association with
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the membrane of their LD as well as their plasma
membrane and other cellular membranes. In con-
trast, the LDs of hepatocytes can contain very large
amounts of cholesterol esters!®*? (as well as tri-
glycerides). Free cholesterol that enters the hepato-
cyte LD through its membrane can be esterified and
stored in the LD. In previous work, we showed that
when mice are fed a diet progressively high in choles-
terol, the excess cholesterol accumulates in the liver
not in adipose tissue."® Here, we demonstrate that
cholesterol taken up by hepatocytes accumulates in
their enlarged LDs. Collectively, these results suggest
that the hepatocyte LD can be considered the main
storage site of excess body cholesterol.

It is unclear what factors caused increased hepato-
cyte cholesterol concentration and hence choles-
terol crystallization in the patients with NASH.
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Hepatocyte cholesterol concentration is the sum
of the pathways by which hepatocytes acquire cho-
lesterol (endogenous synthesis and uptake of cho-
lesterol-containing circulating lipoproteins) minus
the pathways by which cholesterol is removed from
hepatocytes (excretion into bile, conversion to bile
acids and excretion into bile, secretion into circu-
lating lipoproteins).(m In addition, esterification of
free cholesterol into hydrophobic cholesterol esters
stored within the LDs reduces free cholesterol con-
centration without eliminating the cholesterol from
the cell. Extensive dysregulation of hepatic choles-
terol homeostasis has been documented in NAFLD,
leading to increased hepatic cholesterol levels.#344)
This dysregulation likely occurs at multiple levels,
including increased hydrolysis of cholesterol ester to
free cholesterol by hepatic neutral cholesterol ester
hydrolase(44); increased hepatic cholesterol synthesis
related to increased expression and activity (dephosph-
orylation) of 3-hydroxy-3-methyl-glutaryl-coenzyme
A reductase™*; increased hepatic levels of active
sterol regulatory element-binding protein 2140,
increased uptake of cholesterol-rich lipoproteins(44);
and decreased cholesterol excretion in bile either as

4349 A critical limitation

cholesterol or as bile acids.{
is that our gene expression studies failed to identify
any key pathways that might be responsible for the
cholesterol loading and eventual crystallization in
the hepatocytes of patients with NASH. This may
be related to the small sample size and intrahepatic
variability in gene expression exacerbated by the
relatively small pieces of frozen liver tissue avail-
able for gene expression studies. Future studies will
need to evaluate which ones of the many pathways
involved in cholesterol synthesis, uptake, export,
and intracellular trafficking are primarily responsi-
ble for cholesterol crystallization in patients with
NASH.17 Irrespective of what precise mechanisms
lead to hepatic cholesterol loading and crystalli-
zation, it is likely that currently available phar-
macological cholesterol deloading strategies, such
as statins, would be effective at reducing hepatic
cholesterol concentration and reversing cholesterol
crystallization, as we have shown in animal mod-
els.®) Although large, well-designed, observational
studies suggested great benefits of statins in amelio-
rating histologic NASH,™ randomized controlled
trials will ultimately be necessary to prove this.
Unfortunately, the design of such trials is hampered
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by the ethics of randomizing patients with NASH
to placebo, who most likely will have indications for
a statin based on their plasma cholesterol levels.

Great progress has been achieved lately in
understanding intracellular cholesterol trafficking,
especially through membrane contact sites (IMCSs)
between organelles that allow cholesterol to trans-
fer from the membrane of one organelle to that of
the other. MCSs are facilitated by a protein “tether”
(e.g., Rab18 and seipin; different Rab species in the
LD regulate interactions with different membrane
systems) that connects the membranes of the two
interacting organelles and/or by direct lipid bridges
formed by continuities of the LD phospholipid
monolayer and the outer leaflet of the phos%aholipid
bilayer bordering the partnering organelle.“” LDs
have been shown to express MCSs with multiple
other organelles, including the ER, mitochondria,
and peroxisomes. MCSs have also been described
between endosomes and LDs facilitated by Rab5.“®
In late endosomes/lysosomes (LE/Ly), CE are
hydrolyzed by acid lipase and free cholesterol is
delivered by Niemann-Pick disease, type C, intra-
cellular cholesterol transporter 2 (NPC2) to NPC1,
which binds and inserts cholesterol onto the LE/Ly
membrane for transport.(49) It is likely that choles-
terol is transferred from the membrane of the LE/
Ly to the membrane of the LD through such direct
MCSs between the two organelles.

It is useful to consider why cholesterol crystallizes
in the LD membrane rather than in another organel-
lular membrane or subcellular compartment. Our in
wvitro cell culture model demonstrates that cholesterol
taken up by hepatocytes accumulates almost exclu-
sively in the LD, providing an explanation for the
high concentration of cholesterol in LDs. Cholesterol
is transferred to the LD membrane from the mem-
branes of other organelles by direct MCSs. Although
free cholesterol transferred to the LD membrane can
be esterified subsequently to cholesterol ester for stor-
age, a high free-cholesterol concentration might be
reached at the LD membrane during this process.
Cholesterol is solubilized by the phospholipids in
the membrane; these phospholipids have large polar
headgroups that act like umbrellas to shield the non-
polar part of cholesterol molecules from water. As the
cholesterol concentration in the membrane increases,
it eventually exceeds the ability of the phospholipid

headgroups to cover all the cholesterol molecules, and
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excess molecules would be predicted to precipitate
adjacent to the membrane, forming cholesterol mono-
hydrate crystals.®® Although theoretical and artificial
membrane models predict such cholesterol crystal pre-
cipitation, to our knowledge, we describe the first such
demonstration of cholesterol crystallization adjacent
to phospholipid membranes. Furthermore, the LD
membrane is the only cellular membrane that consists
of a phospholipid monolayer rather than a bilayer. It
is tempting to speculate that cholesterol in the phos-
pholipid monolayer may be more likely to crystallize
than in the bilayer.

In summary, we identified a strong association
between the presence of cholesterol crystals in hepato-
cyte LDs and the development of human NASH.
Hepatocyte LDs are major sites for the storage of
excess body cholesterol. Although most of this cho-
lesterol becomes esterified, free cholesterol can crys-
tallize out of the LD membrane if present in excess.
These findings suggest that some cholesterol-lower-
ing medications may have therapeutic implications for

NASH that have not yet been fully explored.
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