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steatosis. In the majority of patients, hepatic steatosis oc-
curs in the absence of concomitant inflammation or fi-
brosis. This “simple steatosis” carries a very low risk of 
progression to cirrhosis or liver dysfunction (1). However, 
a small subset of patients with NAFLD (10%–30%) develop 
a more aggressive condition known as nonalcoholic steato-
hepatitis (NASH), which can progress to cirrhosis (1, 2) 
and is characterized by hepatocellular injury (e.g., mani-
festing as ballooning of hepatocytes) and varying degrees 
of hepatic inflammation and fibrosis, in addition to hepatic 
steatosis.

The factor (or factors) responsible for the development 
of progressive NASH, as opposed to simple steatosis, re-
mains unclear. Recent studies suggest that cholesterol is an 
important lipotoxic molecule that promotes the develop-
ment of NASH in many, diverse animal models (3–12). Hu-
man epidemiological studies (13) and clinical trials of 
cholesterol-lowering drugs (14–20) appear to also support 
a role of cholesterol in the development of NASH. The 
mechanisms by which cholesterol might exert lipotoxicity 
and promote the development of NASH remain unclear 
(21). We recently reported that cholesterol crystals devel-
oped within the LDs of steatotic hepatocytes in patients 
with NASH and in a mouse model of NASH induced by 
a high-fat, high-cholesterol (HFHC) diet, but not in pa-
tients or mice with simple steatosis (22). We also dem-
onstrated that enlarged Kupffer cells (KC) surrounded 
steatotic, dead hepatocytes containing cholesterol crystals 
and appeared to process the remnant LDs within these he-
patocytes, forming “crown-like structures” (CLS) similar  
to those previously described in inflamed visceral adipose 
tissue (23, 24). Cholesterol crystals have recently been 
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shown to activate the NLRP3 inflammasome in animal 
models of atherosclerosis (25, 26), thus providing a mecha-
nism by which exposure of KC to cholesterol crystals can 
lead to chronic inflammation and NASH. Treatment with 
ezetimibe and atorvastatin led to resolution of choles-
terol crystals and CLSs together with amelioration of 
NASH (27).

In the present study we aimed to further characterize the 
development and implications of hepatic cholesterol crys-
tallization in vivo and to develop an in vitro cell culture 
model of steatosis and cholesterol crystallization.

MATERIALS AND METHODS

Animal procedures
Four-month-old, male C57BL/6J, WT, littermate mice (Jackson 

Laboratory, Bar Harbor, ME) were assigned to a high-fat (15%, 
weight/weight) diet for 6 months, supplemented with 0%, 
0.25%, 0.5%, 0.75%, or 1% dietary cholesterol (five groups; n = 12 
mice/group). Cocoa butter, which contains approximately 60% 
saturated fat, was the source of the extra fat in these diets (22, 27). 
Their composition is shown in supplemental Table S1. Mice were 
housed four per cage with unrestricted access to food and water. 
Mice were euthanized 6 months after initiation of the experimen-
tal diets by cervical dislocation following isoflurane anesthesia. All 
experimental procedures were approved by the Institutional Ani-
mal Care and Use Committee of the Veterans Affairs Puget Sound 
Health Care System.

Histological assessment of steatosis, inflammation, and 
fibrosis

Formalin-fixed, paraffin-embedded liver tissue sections were 
stained with H&E, Masson’s trichrome, or Sirius red (for collagen). 
Histological steatosis, inflammation, and fibrosis were assessed 
semiquantitatively with the scoring system of Kleiner et al. (28) 
by a “blinded,” expert hepatopathologist (M.M.Y.). Sirius red-
stained collagen fibers were also quantified by using a polarizing 
microscope with digital image analysis (National Institutes of 
Health Image J density software), as the average of 10 random 
200× fields without major blood vessels (6). Immunohistochemi-
cal staining for -smooth muscle actin was performed as a marker 
of stellate cell activation.

Assessment of hepatic cholesterol crystals and free 
cholesterol

Liver pieces were embedded in OCT compound and frozen in 
liquid nitrogen immediately after harvest. Frozen sections (10 µM 
in thickness) were allowed to come to room temperature, imme-
diately cover-slipped with glycerol as the mounting medium with-
out applying any stain, and examined using a Nikon Eclipse 
microscope with or without a polarizing filter, to evaluate for the 
presence of birefringent cholesterol crystals, as we previously re-
ported (22, 27). Frozen liver sections were stained with filipin, 
which identifies free cholesterol by interacting with its 3-hydroxy 
group to fluoresce blue (29).

To better distinguish LDs with or without cholesterol crystals, 
we used a special method of osmium tetroxide fixation and stain-
ing, followed by methylene blue counterstaining, which we recently 
described (22). Small pieces (2 mm2) of liver tissue previ-
ously fixed in Trump’s fixative were submerged in 1% osmium 
tetroxide for 1 h on ice, frozen in OCT, cut into 5-m sections, and 
counterstained with 0.05% methylene blue. Osmium tetroxide 

binds at the carbon-carbon double bonds of unsaturated fatty 
acid chains in triglycerides and cholesterol esters and therefore 
nicely distinguishes the free-cholesterol crystals, which do not 
stain with osmium, from the triglyceride and cholesterol esters 
within LDs, which stain gray-black.

Identification of activated KCs and CLSs
Frozen liver sections were stained with anti-CLEC4F antibody 

(R&D Systems Inc., Minneapolis, MN), which identifies resident 
macrophages/KCs, and with anti-Ly6c (Thermo Fisher Scien-
tific, Fremont, CA), which identifies recruited myeloid cells, to 
confirm that CLSs comprised resident macrophages/KCs as op-
posed to recruited myeloid cells. Frozen liver sections were also 
stained with anti-CD68 and anti-F4/80 antibodies, which identify 
macrophages (including hepatic KCs) and with anti-TNF- anti-
bodies, which identify activated M1 macrophages as we have previ-
ously described (22, 27). CLS can be readily identified by TNF- 
staining as rings of activated KCs surrounding and processing 
steatotic hepatocytes containing cholesterol crystals. The num-
ber of CLSs that stained with anti-TNF- in 10 random 200× 
fields (area = 0.14 mm2/field) per liver was averaged. Acid phos-
phatase staining was used to identify the lysosomes of KCs within 
CLSs.

Evidence of NLRP3 activation
We stained liver sections with anti-NLRP3 antibodies to look 

for expression of this component of the NLRP3 inflammasome in 
the KCs of CLSs, as we have previously described (27). Liver sec-
tions were also stained for activated (cleaved) caspase 1, using 
the FAM-FLICA caspase 1 assay kit (27). We used real-time PCR 
(RT-PCR) to quantify mRNA gene expression levels, as previ-
ously described (7), of the following components of the NLRP3 
inflammasome in liver tissue: Caspase-1, Nalp3, and apoptosis- 
associated speck-like, caspase recruitment domain-containing pro-
tein (Asc) (30).

Hepatic lipid analysis
Lipids were extracted from frozen mouse liver by using the 

Folch method (31). The neutral lipid fractions were prepared by 
solid phase extraction, and the triglycerides, cholesterol esters, and 
free cholesterol were then separated and quantified by normal-
phase HPLC/Evaporative Light Scattering Detector (ELSD).

Other measurements
Hepatic gene expression levels were measured by RT-PCR for 

chemotactic factors (monocyte chemoattractant protein-1 [Mcp1]) 
and proinflammatory factors (serum amyloid A1 [Saa1], Egf-like 
module-containing, mucin-like, hormone receptor-like 1 [Emr1 
or F4/80], interleukin-1b [Il1b], and Tnfa). Blood specimens 
were collected immediately prior to sacrifice after a 4-h fast and 
tested for plasma cholesterol, triglycerides, alanine aminotrans-
ferase (ALT), glucose, and insulin. Food consumption was mea-
sured and averaged weekly.

Cell culture
HepG2 cells plated in 24-well culture plates (or 2-well glass 

chamber slides) were cultured in basal medium with 10% fetal 
bovine serum and 2 mg/ml of the ACAT inhibitor Sandoz 58-035 
(Sigma Chemical, St. Louis, MO) to inhibit esterification of cho-
lesterol and hence increase free cholesterol and cholesterol crys-
tallization until confluent (1.5 million cells/well); they were 
then supplemented for 20 days (twice/week) with a) control me-
dia; b) 200 mg/dl of LDL cholesterol (LDL) (human plasma 
LDL; Lee Biosystems, Maryland Heights, MO); c) 200 µM of oleic 
acid (OA) (Thermo Fisher Scientific, Asheville, NC); or d) both 
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LDL (200 mg/dl) and OA (200 µM). At the end of this 20-day 
period, THP-1 cells, differentiated into macrophages by a 2-day 
treatment with 20–40 nM of PMA (32, 33), were directly cocul-
tured with the HepG2 cells for 3 h (for mRNA expression studies) 
or for 24 h (for protein expression studies), after washing the 
HepG2 cells with regular media to remove any residual LDL or 
oleic acid. PMA-activated THP-1 macrophages have been shown 
to produce pro-IL-1beta and to secrete IL-1beta in response to 
direct exposure to cholesterol crystals in a dose-dependent man-
ner (26). Cell culture systems were stained with Sudan black (fat) 
and were evaluated for cholesterol crystallization by polarized 
light microscopy and filipin staining and by NLRP3 activation by 
mRNA assays of NLRP3 components and protein studies for 
secreted IL-1 in the supernatants.

In additional experiments, PMA-treated THP-1 cells were 
grown on Transwell® inserts (0.4-µm pore size); then the inserts 
were suspended above the HepG2 cells that had been treated with 
control or LDL or with OA, as was described above. Media from the 
top and bottom of the insert were collected at 24 h, and IL-1beta 
was measured by ELISA.

RESULTS

Fibrosing NASH develops at a threshold dietary 
cholesterol concentration of 0.5% in WT C57BL/6 mice

Increasing dietary cholesterol concentration from 0% 
to 1% caused increasing liver weight and liver weight: 
body weight ratio (Table 1). This was caused primarily 
by an increase in hepatic cholesterol ester concentration, 
though hepatic triglyceride concentration did not increase. 
Plasma ALT (a marker of hepatic necroinflammation) and 
plasma cholesterol levels increased with increasing dietary 
cholesterol.

Although severe histological hepatic steatosis (grade 3) 
was evident with all dietary cholesterol concentrations, sub-
stantial hepatic histological inflammation and fibrosis, in-
dicative of NASH, occurred only at a dietary cholesterol at 
or above 0.5% (Table 1 and Fig. 1). Quantitative Sirius red 
staining confirmed the abrupt rise in hepatic fibrosis at a 
threshold dietary cholesterol of 0.5%.

Although increasing dietary cholesterol composition 
from 0% to 1% led to a 60-fold increase in hepatic choles-
terol ester content, it did not lead to any increase in the 
cholesterol ester content of subcutaneous or epididymal 
fat. Thus excess dietary cholesterol seems to be stored in 
the liver rather than in adipose tissue.

Analysis of mRNA transcripts showed that dietary choles-
terol increased the expression of chemotactic (Mcp1) and 
proinflammatory (Saa1, F4/80, Il1b, and Tnf) genes and 
genes related to the NLRP3 inflammasome (Caspase 1, 
Nlrp3, and Asc) (supplemental Fig. S1). Interestingly, maxi-
mum expression occurred with 0.75% dietary cholesterol 
rather than 1% cholesterol.

Hepatocyte cholesterol crystals and crown-like structures 
of activated KCs also develop at a threshold dietary 
cholesterol concentration of 0.5%

Substantial cholesterol crystallization developed within 
hepatocyte LDs at the same threshold dietary cholesterol 
concentration (at or above 0.5%) that induced fibrosing 

NASH (Table 2 and Fig. 1). Filipin staining confirmed that 
the crystalline birefringent material within hepatocyte LDs 
was free cholesterol (Fig. 2). Activated TNF--positive KCs 
(Fig. 2), which were also positive for CD68, F4/80, and 
CLEC4F but negative for Ly6C (supplemental Fig. S2), sur-
rounded the most intensely birefringent LDs forming char-
acteristic CLSs, which also became evident at a threshold 
dietary cholesterol concentration of 0.5%.

Characterization of cholesterol crystallization
In intact hepatocytes that were not surrounded by CLS, 

cholesterol crystallization was evident in the periphery of 
their large LDs in association with the LD membrane  
(Fig. 3A, B). However, in the remnant LDs of dead hepato-
cytes that were surrounded and processed by KC in a CLS, 
the entire LD contained crystallized cholesterol (Fig. 3C, D). 
LDs that were entirely birefringent as in Fig. 3C, D were 
always in the middle of a CLS. This suggests that additional 
free cholesterol is formed after the hydrolysis of choles-
terol esters by the lysosomal enzymes of the surrounding 
KCs, leading to more dramatic cholesterol crystallization.

Characterization of crown-like structures and NLRP3 
activation

At high magnification, CLSs are shown to consist of mul-
tiple KCs and other macrophages that surround large- 
remnant LDs of dead hepatocytes containing multiple cho-
lesterol crystals (Fig. 3C, D). The KCs that make up CLSs 
appear to be in direct apposition to each other, surround-
ing and enclosing the remnant LD and directly abutting it 
without any intervening hepatocyte cytoplasm or cell mem-
brane (supplemental Fig. S3), thus demonstrating that the 
hepatocyte is dead. KCs processing remnant LDs of hepato-
cytes were transformed into characteristic foam cells con-
taining multiple small LDs (Fig. 3E, F). Also these KCs in 
CLSs strongly express acid phosphatase (Fig. 3J), suggest-
ing that lysosomal enzymes are released into the LD in the 
center of the CLS to hydrolyze its triglyceride and choles-
terol ester content. In addition to TNF-, the KCs in CLSs 
are shown by immunohistochemistry to express Nlrp3 
(Fig. 3G) and activated caspase 1 (Fig. 3I). The presence of 
cleaved caspase 1 confirms activation of the inflammasome 
pathway in KCs within CLS as a possible response to choles-
terol crystals in NASH.

THP-1 cells cocultured with HepG2 cells induced to 
develop large LDs and cholesterol crystals

LDs developed in HepG2 cells that were exposed to 
either LDL or oleic acid but were more numerous and larger 
in cells exposed to both LDL and oleic acid (Fig. 4). Only 
cells exposed to both oleic acid and LDL developed choles-
terol crystals within their LDs (Fig. 4). Cholesterol crystal-
lization was noted in the periphery of the LDs adjacent to 
their membrane (Fig. 5), identical to “early” cholesterol 
crystallization that we observed in vivo in hepatocytes that 
were not surrounded by KCs in CLS.

Before direct coculture with THP-1 macrophages, HepG2 
cells expressed very low levels of Tnf, Nlrp3, or Il1 mRNA 
and secreted no IL1b protein into their supernatants, even 
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after exposure to LDL, OA, or LDL + OA for 20 days. In-
creased expression of Tnfa, Nlrp3, and Il1 mRNA (Fig. 6A) 
and increased secretion of IL1 into the supernatant 
(Fig. 6B) were demonstrated when PMA-activated THP-1 
macrophages were cocultured with cholesterol crystal-
containing HepG2 cells (i.e., those previously exposed 
to LDL + OA) but not when they were cocultured with 
HepG2 cells without cholesterol crystals (i.e., those previ-
ously exposed to LDL alone, OA alone, or control). Direct 
exposure of THP-1 macrophages to synthetic choles-
terol crystals led to profound secretion of IL1 in a dose-
dependent manner (Fig. 6C), despite almost no change 
in Il1 mRNA.

When THP-1 cells were added in Transwells® above the 
HepG2 cells (i.e., “noncontact coculture”), there was no 
stimulation of THP-1-derived IL-1b, regardless of whether 
HepG2 cells had been exposed to LDL and oleic acid or 
not, arguing against the release of a humoral/soluble fac-
tor by the HepG2 cells that stimulates the THP-1 cells.

DISCUSSION

We recently reported that cholesterol crystals were pres-
ent in hepatocyte LDs in experimental and human NASH 
and that CLSs consisting of activated KCs and macro-
phages surrounded and processed cholesterol crystal- 
containing remnant LDs of dead hepatocytes (22). Fur-
thermore, we showed that treatment with ezetimibe and 
atorvastatin caused resolution of NASH induced by an ath-
erogenic diet in diabetic obese mice, while simultaneously 
causing dissolution of cholesterol crystals and dispersion 
of KC-CLSs (27). Here we demonstrate that excess dietary 
cholesterol is preferentially stored in the liver and that he-
patic cholesterol crystals and CLSs develop at the same 
threshold concentration of dietary cholesterol that also 
leads to the development of NASH in mice fed a HFHC 
diet. This suggests a causative association between the de-
velopment of hepatocyte cholesterol crystals and KC-CLS 
and the development of NASH. We demonstrate that early 

TABLE  1.  Body and liver weights, hepatic lipid composition, plasma levels, and hepatic histology, after 6 months 
on high-fat diets supplemented with different concentrations of dietary cholesterol (mean ± SD)

Diet 0% Cholesterol
0.25%  

Cholesterol
0.5%  

Cholesterol
0.75%  

Cholesterol 1% Cholesterol

Body weight (g) 44.5 ± 2.6 47.4 ± 2.9e 44.9 ± 4.5 47.5 ± 4.9 46.1 ± 3.2
Body weight gain (%) 60 ± 7 61 ± 5 60 ± 4 70 ± 6 60 ± 8
Liver weight (g) 2.7 ± 0.6 4.0 ± 0.8d 4.0 ± 0.9d 4.3 ± 1.1d 4.5 ± 0.7d

Liver weight/body weight (%) 6.0 ± 1.0 8.4 ± 1.3d 8.8 ± 1.3d 9.0 ± 1.5d 9.7 ± 0.9d

Food consumption (g/mouse/d) 3.2 ± 0.3 3.3 ± 0.3 3.0 ± 0.3 2.9 ± 0.3+ 2.9 ± 0.3+

Hepatic fat composition (mg/g)
  Triglyceride 383 ± 79 406 ± 75 364 ± 57 336 ± 50 330 ± 34e

  Cholesterol ester 2.0 ± 0.4 26 ± 20d 75 ± 37d 120 ± 39d 123 ± 42d

  Free cholesterol 0.68 ± 0.47 0.71 ± 0.56 0.68 ± 0.30 0.69 ± 0.26 0.98 ± 0.61
  Free fatty acid 2.70 ± 0.33 2.52 ± 0.42 2.48 ± 0.29 2.15 ± 0.35 2.23 ± 0.27
Epididymal fat composition (mg/g)
  Triglyceride 926 ± 62 878 ± 63 847 ± 74e 739 ± 117d 717 ± 146d

  Cholesterol ester 0.12 ± 0.04 0.13 ± 0.06 0.14 ± 0.08 0.16 ± 0.05 0.13 ± 0.06
  Free cholesterol 0.28 ± 0.24 0.50 ± 0.32 0.40 ± 0.25 0.60 ± 0.46 0.55 ± 0.41
subcutaneous fat composition (mg/g)
  Triglyceride 857 ± 76 777 ± 110 889 ± 53 877 ± 57 764 ± 152
  Cholesterol ester 0.05 ± 0.01 0.04 ± 0.01 0.05 ± 0.02 0.06 ± 0.02 0.05 ± 0.01
  Free cholesterol 0.33 ± 0.06 0.35 ± 0.08 0.33 ± 0.07 0.36 ± 0.11 0.37 ± 0.08
Plasma levels (fasting)
  ALT (U/l) 221 ± 55 293 ± 104 304 ± 137 487 ± 104d 531 ± 77d

  Cholesterol (mg/dl) 187 ± 50 269 ± 43d 315 ± 73d 332 ± 39d 338 ± 23d

  Triglyceride (mg/dl) 55 ± 9 64 ± 8e 70 ± 12d 70 ± 5d 81 ± 29d

  Glucose (mg/dl) 325 ± 44 321 ± 29 311 ± 23 315 ± 44 324 ± 23
  Insulin (ng/ml) 2.7 ± 1.4 5.0 ± 3.3 4.3 ± 4.2 4.5 ± 2.5 4.9 ± 3.3
Hepatic histology
  Steatosis (0–3)a 3 3 3 3 3
  Lobular inflammation (0–3)a 1 1 2 2 2
  Fibrosis (0–4)a 0 0 1a 1a 1a
  Sirius red staining (fibrosis)b, % area 0.30 ± 0.28 0.27 ± 0.12 1.8 ± 1.4d 2.96 ± 2.1d 2.24 ± 1.2d

  Cholesterol crystalsb, % area 0 ± 0 0.29 ± 0.39e 7.1 ± 4.32d 8.2 ± 4.89d 8.5 ± 3.60d

  Crown-like structuresc, number/field 0.17 ± 0.21 1.24 ± 0.55e 7.7 ± 2.2d 7.2 ± 2.5d 6.6 ± 1.4d

Statistical analysis was performed using Student t test. Statistically significant difference is compared with the 0% 
cholesterol group (see footnotes d and e).

a Median values are reported for histological steatosis, inflammation, and fibrosis, scored as follows: steatosis is 
graded as <5% (0); 5%–33% (1); 34%–66% (2); and >66% (3) of hepatocytes being steatotic at ×200 magnification 
(28). Lobular inflammation combines mononuclear, fat granulomas and polymorphonuclear leukocytes and is 
graded as none (0); <2 (1); 2–4 (2); and >4 at ×200 magnification (28). Fibrosis is staged as none (0); perisinusoidal 
(1a); periportal (1b); periportal and perisinusoidal (2); bridging fibrosis (3); and cirrhosis (4) (28).

b Presented as the percentage of the surface area of the liver section that is positive and calculated as the average 
of 10 random ×200 fields.

c Average number of CLSs in 10 random ×200 fields.
dP < 0.01.
eP < 0.05.
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cholesterol crystallization occurs predominantly in the pe-
riphery of intact hepatocyte LDs in association with the LD 
membrane. More intense cholesterol crystallization oc-
curs in the remnant LDs of dead hepatocytes as a result of 
hydrolysis of cholesterol esters to FC by the lysosomal en-
zymes of surrounding KCs that form CLSs around them. 
Exposure of the KCs to cholesterol crystals appears to acti-
vate the NLRP3 inflammasome in the KCs, and uptake of 
FC transforms KCs in CLSs to lipid-laden foam cells. Fi-
nally, we describe an in vitro cell culture model of choles-
terol crystallization occurring in the periphery of LDs in 
HepG2 cells induced by LDL and oleic acid in the pres-
ence of an ACAT inhibitor that appears identical to the 
early cholesterol crystallization that we observed in vivo 
and stimulates NLRP3 activation and IL-1 secretion in 
cocultured THP-1 macrophages. This suggests that choles-
terol crystallization in LDs is indeed initiated in the pe-
riphery of the LD in association with the LD membrane 
and offers an in vitro model for the study of cholesterol 
crystallization in LDs.

Recent work with artificial membranes suggested that 
free cholesterol present at high concentration and regu-
lar orientation in a membrane can act as a template for 
cholesterol crystallization to occur adjacent to it (34). 
Furthermore, models of cholesterol-phospholipid inter-
actions in membranes such as the “umbrella model” pre-
dict that after the membrane becomes saturated with 
cholesterol, any additional cholesterol precipitates to 
form cholesterol crystals adjacent to the membrane (35). 
This provides a plausible mechanism for the cholesterol 
crystallization that we observed in association with LD 
membranes. We speculate that cholesterol saturation dis-
rupts the function of the LD membrane and the large ar-
ray of proteins now known to reside on LD membranes by 
dramatically reducing the fluidity of the LD membrane 
(21). Cholesterol content is known to critically affect the 
function of the plasma membrane and of the mem-
branes of intracellular organelles such as the mitochon-
drial and endoplasmic reticulum by affecting membrane 
fluidity (36). By analogy the same could be true of the LD 

Fig.  1.  A: Plot of dietary cholesterol concentration (x axis) against hepatic cholesterol crystals (black squares), crown-like structures (blue 
circles), or Sirius red staining for fibrosis (red triangles), showing the abrupt increase in all three measures that occurs at the same threshold 
dietary concentration of 0.5%. This suggests that the development of hepatic cholesterol crystals and crown-like structures possibly drives the 
development of fibrosing NASH. A statistically significant difference in comparison with the 0% cholesterol group is shown. HPF, high-
power field. *P < 0.01; +P < 0.05. B: Mouse liver sections obtained after 6 months on each of the five experimental diets (0%, 0.25%, 0.5%, 
0.75%, or 1% dietary cholesterol), all of which contained 15% fat. Sections are stained with H&E, Masson’s trichrome, and Sirius red (viewed 
with polarized light) or are unstained frozen sections viewed with polarized light to look for birefringent cholesterol crystals. Fibrosing ste-
atohepatitis is demonstrated by H&E, Masson’s trichrome, and Sirius red at a dietary cholesterol concentration of 0.5%. Also, birefringent 
cholesterol crystals are seen within hepatocyte LDs at a dietary cholesterol concentration of 0.5% (all at ×200 magnification).
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membrane, although a critical difference is that the LD 
membrane is a phospholipid monolayer rather than a bi-
layer. Furthermore, the precipitation of cholesterol crystals 
adjacent to the LD membrane may also affect the fluidity 
of the membrane and, in extreme cases of profound crys-
tallization, may even disrupt the physical integrity of the 
membrane (36). Future experiments will be needed to 
elucidate the impact of cholesterol crystallization on LD 
function and to investigate whether it can directly lead to 
hepatocyte death.

Upon sensing a plethora of structurally diverse patho-
gen-associated molecular patterns and damage-associated 
molecular patterns, the NLRP3 inflammasome assembles 
into a multimolecular platform, which collectively activates 
caspase-1 by autocatalytic cleavage (37). The active form of 
caspase-1 then cleaves pro-IL-1 and pro-IL-18 to form bio-
logically active IL-1 and IL-18, which engage innate im-
mune defenses (37) and are important mediators of the 
inflammatory response. The NLRP3 inflammasome is now 
thought to drive inflammation in response to exposure to 

Fig.  2.  Hepatocyte cholesterol crystals and Kupffer cell crown-like structures develop at the same threshold of dietary cholesterol that 
causes fibrosing NASH. Mouse liver sections obtained after 6 months on each of the five experimental diets (0%, 0.25%, 0.5%, 0.75%, or 1% 
dietary cholesterol), all of which contained 15% fat. Filipin stains free cholesterol blue and demonstrates that the birefringent crystalline 
material within LDs is indeed cholesterol. TNF- identifies activated Kupffer cells (green), which are shown to surround LDs with crystalline 
cholesterol–forming CLSs. Cholesterol crystals and CLSs developed at a threshold cholesterol of dietary concentration of 0.5%, which also 
caused fibrosing steatohepatitis (all at ×200 magnification).
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crystals that cause human inflammatory conditions such as 
gout (urate crystals), pseudogout (calcium phosphate dihy-
drate crystals), silicosis (silica crystals), and asbestosis (as-
bestos crystals) (38–41). In these conditions, phagocytosis 
of crystals by macrophages leads to lysosomal swelling and 
release of cathepsin B, a lysosomal protease, which activates 

the NLRP3 inflammasome (41). Cholesterol crystals are the 
latest addition to the group of crystals shown to activate 
the NLRP3 inflammasome in the macrophages of an im-
portant, human chronic inflammatory condition, namely, 
atherosclerosis (25, 26). Our findings suggest that expo-
sure of KCs to cholesterol crystals within CLSs may activate 

Fig.  3.  Mouse liver sections obtained 6 months after  
a high-cholesterol (1%) and high-fat (15%) diet.  
Osmium tetroxide staining (stains triglycerides and 
cholesterol esters black) with methylene blue counter-
staining (A–D) shows early cholesterol crystallization 
under polarized light (B) in the periphery of an intact 
LD in a normal hepatocyte (A), and advanced choles-
terol crystallization (D) with cholesterol crystals as large 
as 10 µm, in a remnant LD of a dead hepatocyte sur-
rounded by KCs forming a CLS (C). KCs processing 
remnant LDs of hepatocytes in a CLS transform into 
characteristic lipid-laden foam cells containing multiple 
small LDs (E–F). The KCs in CLSs also stain strongly 
positive for NLRP3 (G) and activated caspase 1 (I) by 
immunohistochemistry, suggesting activation of the 
NLRP3 inflammasome. CLSs also stain strongly for acid 
phosphatase (J), suggesting activation of lysosomal en-
zymes in the processing of the LD.
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the NLRP3 inflammasome, leading to chronic inflamma-
tion and contributing to the development of NASH.

Our coculture experiments demonstrate that inflamma-
some activation and production and secretion of IL-1 and 

TNF- occurred in activated THP-1 cells (macrophages) 
exposed to crystals containing HepG2 cells but not in crys-
tals containing HepG2 cells that were not cocultured with 
THP-1 cells. Thus, even though hepatocytes are in theory 

Fig.  4.  HepG2 cells exposed to oleic acid and LDL cholesterol develop large lipid droplets that have choles-
terol crystals in their periphery, in comparison with control (A, B). Human hepatoma HepG2 cells were 
plated onto glass chamber slides and exposed to 200 µM of oleic acid (C, D), 2,000 µg/ml of LDL cholesterol 
(E, F), or both (G, H) for 20 days. Sudan black staining shows large LDs within HepG2 cells with oleic acid 
(C) or LDL (D), which are even larger with both oleic acid and LDL (G). Under polarized light, only the cells 
exposed to both oleic acid and LDL had birefringent material consistent with cholesterol crystallization in the 
periphery of some of the LDs (H).
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capable of NLRP3 expression and activation (42, 43), it is 
macrophages/KCs that have the primary function of se-
creting inflammatory cytokines when exposed to choles-
terol crystals. PMA treatment has been shown to induce 
pro-IL-1b mRNA in THP-1 cells (26) and therefore acts as 
the “first signal” in this cell culture model, with subsequent 
exposure to the cholesterol crystals in the HepG2 cells  

being the “second signal” that causes NLRP3 activation and 
cleavage of pro-IL-1b into mature, secreted IL-1b.

It is generally believed that KCs, as with all macro-
phages, derive most of their cholesterol through receptor-
mediated endocytosis of circulating lipoproteins. However, 
our results suggest a novel mechanism of cholesterol accu-
mulation in hepatic KCs: the processing of hepatocyte 

Fig.  5.  Cholesterol crystals highlight the membrane of lipid droplets in HepG2 cells exposed to LDL-cholesterol and oleic acid. Human 
hepatoma HepG2 cells plated onto glass chamber slides and exposed to both 200 µM of oleic acid and 2,000 µg/ml of LDL cholesterol for 
20 days. Nuclei are counterstained with Hoescht 33342 (blue). Under polarized light, birefringent material corresponding to cholesterol 
crystals is seen outlining the periphery of LDs within HepG2 cells. A, C, E: The same slide on which we focused on a single lipid droplet 
with cholesterol crystallization. B, D, F: Another slide on which we tried to simultaneously show as many lipid droplets as possible (crystals 
can be in slightly different focal planes within the section).
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remnant lipid droplets by lysosomal enzymes of KCs that 
occurs at the center of CLSs in the extracellular space. This 
leads to hydrolysis of cholesterol esters (and triglycerides) by 
lysosomal acid lipase and generation of free cholesterol and 
cholesterol crystals. Uptake of cholesterol by the KCs in the 

CLSs causes their transformation into lipid-laden foam 
cells. This is analogous to the degradation of aggregated 
LDL by lysosomal enzymes of macrophages in specialized 
extracellular compartments recently demonstrated in ath-
erosclerosis (44). The main difference is that the digestion 

Fig.  6.  Induction of IL-1b in THP-1 cells by coculture with cholesterol crystal–containing HepG2 cells or by direct exposure to synthetic 
cholesterol crystals. A–B: HepG2 cells exposed to 200 µM of oleic acid (OA), 2,000 µg/ml of LDL cholesterol (LDL), or both LDL + OA for 
20 days, after which they were cocultured with PMA-activated THP-1 cells (macrophages). A: mRNA expression was measured after 3 h. In-
creased mRNA expression of Il-1b and to a lesser extent Tnf and Nlrp3 mRNA by the THP-1 cells was noted when cocultured with HepG2 
cells that had been previously exposed to both LDL + OA and had developed cholesterol crystals in their lipid droplets. B: IL-1b in the media 
at 24 h as measured by ELISA. Results are shown as a percentage of control cells. Significantly increased IL-1b secretion occurred in the 
THP-1 cells cocultured with HepG2 cells that had been previously exposed to both LDL + OA. C: Exposure of PMA-activated THP-1 cells 
directly to synthetic cholesterol crystals causes a dose-dependent secretion of IL-1b. Results are significant at P < .05 in comparison with 
control.
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of remnant LDs that we describe by KC-CLSs requires mul-
tiple KCs simultaneously forming a tight compartment 
around the LDs, given the large size of the LDs in relation 
to the KCs. Future studies will be needed to prove that there 
is exocytosis of lysosomes by KCs into the remnant LD in 
the middle of CLSs and acidification of this space required 
for the enzymatic activity of lysosomal acid lipase.

We found that increasing dietary cholesterol led to cho-
lesterol loading of the liver but not of adipose tissue. Excess 
dietary cholesterol was stored almost exclusively in the liver 
within hepatocyte lipid droplets after conversion into cho-
lesterol ester rather than in adipose tissue. We found lim-
ited confirmatory literature on this potentially important 
topic (45). Our findings are consistent with the extensive 
dysregulation of hepatic cholesterol homeostasis that has 
been documented in NAFLD, leading to increased hepatic 

cholesterol levels (46, 47) and ultimately resulting in crys-
tallization of cholesterol in hepatocyte lipid droplets. We 
found no cholesterol crystals in adipocyte lipid droplets, 
consistent with the low concentration of cholesterol in adi-
pose tissue (data not shown).

A schematic representation of our hypothesized mecha-
nism of hepatic cholesterol crystal-induced NASH is shown 
in Fig. 7. First, in the setting of hepatic cholesterol loading, 
cholesterol crystallization occurs initially in hepatocytes in 
the periphery of large LDs in close association with the LD 
membrane, likely as a result of high free-cholesterol con-
centration on the LD membrane. Cholesterol crystalliza-
tion likely disrupts LD membrane function, because all 
cellular membranes are exquisitely sensitive to cholesterol 
content, but does not appear to activate the NLRP3 inflam-
masome in hepatocytes based on our cell culture findings. 

Fig.  7.  Schematic representation of our hypothesized mechanism of hepatic cholesterol crystal–induced NASH, involving the following 
components: Steps 1–2: As a result of a HFHC diet (A) or other causes of hepatic cholesterol loading, large lipid droplets form within hepa-
tocytes (B), and cholesterol crystallization occurs (C) initially in the periphery of large LDs in close association with the LD membrane, likely 
as a result of precipitation of supersaturated cholesterol from the LD membrane. Cholesterol crystallization disrupts LD membrane func-
tion. Step 3: KCs aggregate around necrotic hepatocytes containing cholesterol crystals in response to the chemotactic signals produced by 
the hepatocytes, forming CLSs. KCs in the CLS hydrolyze the remnant LDs of dead hepatocytes in the extracellular space, possibly by lyso-
somal exocytosis (D), and additional cholesterol crystals are formed because of the hydrolysis of cholesterol esters into FC by lysosomal acid 
lipase. Step 4: Uptake of this FC by KCs and exposure to cholesterol crystals transform KCs into activated lipid-laden foam cells (E). Exposure 
of KCs to cholesterol crystals causes activation of the NLRP3 inflammasome within KCs, which leads to production of proinflammatory cyto-
kines and chemokines by KCs and propagates the chronic “sterile” inflammation of NASH. Step 5: Chemotactic signals produced by crystal-
activated KCs attract an inflammatory infiltrate of additional KCs and neutrophils, as well as causing aggregation, activation, and 
transformation of stellate cells into collagen-producing myofibroblasts (F), leading to fibrosing NASH and, ultimately, cirrhosis.
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Second, KCs aggregate around dead hepatocytes contain-
ing cholesterol crystals forming CLSs. KCs in the CLS hy-
drolyze the remnant LDs of dead hepatocytes in the 
extracellular space, possibly by lysosomal exocytosis, and 
additional cholesterol crystals are formed because of the 
hydrolysis of cholesterol esters into FC by lysosomal acid 
lipase. Third, KCs exposed to cholesterol crystals trans-
form into activated, lipid-laden foam cells. Exposure of 
KCs to cholesterol crystals causes activation of the NLRP3 
inflammasome within KCs, which leads to production of 
proinflammatory cytokines and chemokines by KCs and 
propagates the chronic “sterile” inflammation of NASH. 
Finally, chemotactic signals produced by crystal-activated 
KCs attract an inflammatory infiltrate of additional KCs 
and neutrophils, as well as causing aggregation, activation, 
and transformation of stellate cells into collagen-producing 
myofibroblasts, leading to fibrosing NASH and, ultimately, 
cirrhosis.

This mechanistic hypothesis has therapeutic implica-
tions for human NASH. Cholesterol-lowering drugs are 
widely available and, as we have recently shown, can reverse 
hepatic cholesterol crystallization and simultaneously re-
verse experimental fibrosing NASH (27). Recently a novel, 
first-in-class, oral, specific NLRP3 inhibitor has been de-
scribed (48, 49); therefore, pharmacological NLRP3 inhi-
bition could also be a potential therapeutic approach in 
NASH if our hypotheses are proven correct.
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