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Background & Aims: Hepatocellular ballooning is a key finding
in nonalcoholic steatohepatitis (NASH). It is conventionally
defined by hemotoxylin and eosin (H&E) staining showing
enlarged cells with rarefied cytoplasm and recently by changes
in the cytoskeleton. Fat droplets are emerging as important
organelles in cell metabolism. To address a possible relation
between fat droplets and ballooning, we studied fat staining,
H&E, and keratin 18 staining in human NASH.

Methods: Sequential staining and high resolution imaging were
used to study freshly prepared cryo-sections from 10 patients
with histologically confirmed steatohepatitis using oil red O for
fat droplet identification, H&E to identify ballooning, and anti-
K18 to confirm cytoskeletal changes. High resolution images
were captured at each stage using the Aperio Scanscope. To pro-
vide ultrastructural correlation, glutaraldehyde-fixed specimens
were studied using transmission electron microscopy (TEM) with
serial sectioning for localization of ballooned cells by light
microscopy and TEM in identical specimens.

Results: Serial staining consistently demonstrated that hepato-
cellular ballooning is associated with fat droplet accumulation
evident by oil red O positivity and depletion of cytoplasmic ker-
atin 18 with K-18 positive Mallory-Denk bodies (MDB). TEM con-
firmed the association between osmium stained fat droplets,
MDB formation, and cellular enlargement and suggested drop-
let-associated dilation of the endoplasmic reticulum.
Conclusions: These results indicate a relationship between cellu-
lar ballooning, fat droplet accumulation, and cytoskeletal injury in
NASH. We speculate that injury to multiple organelles, including
fat droplets and endoplasmic reticulum, contribute to this charac-
teristic finding.
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Introduction

Hepatocellular ballooning is an important histological parameter
in the diagnosis of nonalcoholic steatohepatitis (NASH) [1-3]. It is
usually defined, at the light microscopic level, based on hemot-
oxylin and eosin (H&E) staining, as cellular enlargement 1.5-2
times the normal hepatocyte diameter, with rarefied cytoplasm
[4]. In early classification systems of NAFLD, ballooning was a
major distinguishing feature of NASH indicating a greater risk
of disease progression, which was subsequently confirmed in lon-
gitudinal studies [5-7]. Hepatocellular ballooning has also been
shown to correlate with fibrosis and to be associated with injury
to the cytoskeleton evident as (i) decreased detection of intact
cytokeratin 8 and 18, (ii) increased Mallory-Denk bodies, and
(iii) increased detection of cytokeratin 18 fragments (M-30) [8-
12].

Hepatocellular ballooning is a component of NASH classifica-
tion schemes and scoring systems including the Brunt criteria
and the NAFLD Activity Score (NAS) from Kleiner, although its
definition has remained descriptive and subject to significant
inter-observer variation [13-15]. Ultrastructural features of bal-
looning in viral hepatitis have been previously characterized as
composed in part of a dilated endoplasmic reticulum sometimes
referred to as hydropic change [16,17]. A few ultrastructural
studies in NASH have indicated that enlarged cells, often with
degenerative changes, contain multiple small fat droplets along
with a lesser degree of dilated endoplasmic reticulum in associa-
tion with Mallory-Denk bodies [18-20]. Immunohistochemical
studies have demonstrated that ballooned cells contain oxidized
phosphatidylcholine in the phospholipid-rich rim of fat droplets,
and show altered expression of fat droplet associated (PAT fam-
ily) proteins which regulate insulin-sensitive droplet lipase activ-
ity [21-23].

To further characterize ballooned cells in NASH, we undertook
the current study using oil red O fat staining and standard
H&E staining along with anti-cytokeratin 18 IHC in identical
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specimens, and high resolution light microscopic digital imaging
in NASH patients with varying degrees of histological severity.

Patients and methods

The study subjects consisted of patients with suspected NASH undergoing liver
biopsy (Patients 1-3 and 5-10) or autopsy examination (Patient 4). Other dis-
eases were excluded by extensive clinical and laboratory evaluation. The clinical
history and standard light microscopy of the biopsy confirmed the diagnosis of
NASH in all cases with fibrosis stages ranging from 1 to 4 according to the Brunt
classification [13], and a NAS index ranging from 4 to 6 according to Kleiner et al.
[14]. Clinical characteristics are summarized in Table 1.

At the time of the biopsy, using a 16 gauge automated coring needle, a sep-
arate portion of the biopsy, ranging from 1 to 2 cm, was fixed for at least 2 h in
10% neutral buffered formalin and then mounted for frozen sectioning and subse-
quent oil red O staining (Polyscientific, Bay Shore, NY) for 3-5 min. Following oil
red O staining, and after digital imaging of the fat stained section using the Aperio
ScanScope to produce high resolution images (resolution: 0.5 pm per pixel, Ape-
rio ScanScope CS System, Vista, CA), the cover slip was removed in a 15-20 min
water rinse followed by conventional H&E staining and subsequent re-imaging
of the specimen using the Aperio device. Cover slips were then again removed
by the same technique, for anti-keratin 18 immunohistochemical staining in all
subjects except for subject 4 which was an autopsy case studied only by H&E
and oil red O in serial sections.

Immunohistochemical staining was performed for keratin 18 in the samples
which were rehydrated prior to antigen retrieval (Pascal Pressure Chamber with
TRS-9 buffer, DAKO, 30s at 125 °C and 22 psi). Slides were stained using the
Dakoautostainer Universal Staining system. Sections were incubated for 10 min
with DAKO Dual Endogenous Enzyme Block prior to a 90 min incubation with
the primary antibody, CK18 (catalog number 1433-1, Epiomics, dilution 1:40).
Sections were subsequently incubated for 45 min with DAKO Envision Dual Link
(anti-mouse, rabbit antibody) prior to incubation with chromagen substrate
diaminobenzidine tetrahydrochloride (DAB) for 10 min and counterstaining with
H&E. Negative controls were performed by omitting the primary antibody. Colon
tissue from a normal subject was used as a positive control. In subject 4, a forma-
lin fixed frozen specimen, obtained from a tissue processed less than two hours
post mortem, was stained with a 10 min emersion in oil red O, and subsequent
conventional photomicroscopy, followed by ethanol rinsing and re-staining with
H&E. In all cases, serially stained images were then compared using histological
landmarks to assess staining properties of the ballooned cells.

An additional 2 mm portion of the biopsy was obtained for transmission elec-
tron microscopy (TEM) from six of the subjects at the time of the biopsy to pro-
vide ultrastructural comparison. These specimens were immediately fixed for 2 h
in a solution of 4.0% (w/v) paraformaldehyde and 2.0% (w/v) glutaraldehyde in
0.1 M phosphate pH 7.2 buffer at room temperature. The specimens were then
post-fixed in 1.0% osmium tetroxide, dehydrated in ethanol, and embedded in
resin for sectioning. Semi-thin sections (0.5 uM) were cut from the blocks and
stained with toluidine blue for light microscopy. Ultrathin sections (70-80 nm)
were cut serially to the semi-thin sections and placed, one section per grid, on
200 mesh copper grids. These were contrast stained with lead citrate and uranyl

Table 1. Patient characteristics.

acetate for examination by TEM. The semi-thin sections stained with toluidine
blue were used to identify areas of interest at the light microscopy level to com-
pare to the serially sectioned TEM images.

This research was conducted with approval from the University of Virginia
Health Sciences Research Institutional Review Board, and under similar approval
from Osaka City University.

Results

As shown in Table 1, all the patients had evidence of active NASH
defined, by light microscopy, as steatosis greater than 5%, and
varying degrees of inflammatory infiltration and hepatocellular
ballooning in the setting of obesity and diabetes and/or hyperlip-
idemia. In comparisons of H&E, oil red O, and anti-keratin 18
immunohistochemistry stained sections (Figs. 1-3), ballooned
hepatocytes evident on H&E staining contained multiple fat drop-
lets and appeared deficient in cytokeratin 18 compared to neigh-
boring cells whether associated with a lower or higher NAS score.
Mallory-Denk body formation was also apparent in these cells by
H&E and confirmed on anti-keratin 18 staining (Fig. 2). Submem-
branous staining of anti-K18 reported in some types of ballooning,
especially that associated with ischemia-reperfusion by Lackner
et al. [11], was not observed. Ultrastructural imaging by TEM
revealed characteristic findings of NASH consistent with past
studies including cellular enlargement (>30 pm), accumulation
of osmiophilic fat droplets, enlarged (longitudinally and spheri-
cally) mitochondria with crystalline inclusions and degenerative
changes [18,19,24-27]. The latter included areas of dilated endo-
plasmic reticulum interspersed with and in continuity with the fat
droplets as well as Mallory-Denk body formation (Figs. 4 and 5).

Discussion

Cellular ballooning in NAFLD is one of the principle histological
findings used to indentify the presence of significant and poten-
tially progressive steatohepatitis. With the exception of keratin 8/
18 deficiency, [11] the definition of NASH-related ballooning has
remained largely descriptive by H&E staining, and consensus on
the underlying pathogenesis has remained elusive. In the present
study, we have demonstrated that ballooned hepatocytes in
NASH consist substantially of the accumulation of fat droplets
evident by the conventional technique of the oil red O stain for

Pt Age Sex BMI Fibrosis NAS Balloon AST ALT Major risks” Anti-DM or
Stage (0-8) score (U/L) (U/L) anti-lipidemia
(0-4) (0-2) medication””
1 27 E 37.9 2 6 2 64 110 Obesity, DM Glipizide, sitaglipten
2 65 F 319 3 5 1 39 57 Obesity, DM None
3 32 M 24.5 1 4 1 29 17 Lipidemia None
4 67 F 29.1 4 6 2 40 37 Over-wt, DM None
5 71 E 31.8 4 4 2 40 22 Obesity, Lipidemia Simvastatin
6 43 M 30.1 1 5 1 43 71 Obesity, Lipidemia None
7 65 M 29.0 2 5 2 45 33 Over-wt, Lipidemia omega-3 1000 mg/day
8 47 M 31.1 1 5 1 53 115 Obesity, DM Pioglitazone
9 42 E 48 2 6 2 38 60 Obesity, DM Metformin, insulin
10 75 F 25.6 1 5 2 154 173 Over-wt, DM None

" Lipidemia indicates the presence of hyperlipidemia as a risk factor for NASH. DM indicates type 2 diabetes mellitus. Over-wt indicates over-weight.
" Anti-diabetic medications including metformin, incretins, and glitazones or anti-hyperlipidemic medications including statins, fibrates, or omega-3 fatty acid

supplements.
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Fig. 1. Patient series 1. (A) H&E, (B) oil red O, (C) anti-K-18. Note oil red O
positive droplets and lack of CK-18 staining in two ballooned hepatocytes (solid
arrows) compared to anti-K-18 positive neighboring cells. Open arrow indicates
landmark red blood cell in central vein. (300x using the Aperio, 0.5 um per pixel).
Indicated magnifications are derived from the scale of the Aperio scanner (0.5 ptm
per pixel).

Fig. 2. Patient series 2. (A) H&E, (B) oil red O, (C) anti-K-18. Solid arrow indicates
a ballooned hepatocyte which contains (B) numerous oil red O positive fat
droplets and (C) show diminished expression of keratin 18 compared to
neighboring cells. Note anti-K-18 immunostaining of Mallory-Denk body
(arrowhead) in C. (300x using the Aperio, 0.5 um per pixel). Indicated magni-
fications are derived from the scale of the Aperio scanner (0.5 pm per pixel).

neutral lipid. These findings support the results of prior studies of
hepatocellular ultrastructure in NASH and immunohistochemical
studies which demonstrated the presence of oxidized phosphati-
dylcholine and altered fat droplet associated PAT proteins in the
ballooned cells of NASH [21,22].

Although the principle findings of fat droplet accumulation,
dilated endoplasmic reticulum, and cytoskeletal injury in bal-
looned cells could represent independent processes, our results
focus additional attention on the potential role of deranged fat
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Fig. 3. Patient series 3. (A) H&E, (B) oil red O, (C) anti-K-18. Solid arrow indicates
a ballooned hepatocyte. The arrowhead indicates a landmark red blood cell in a
central vein. Note the dense fat droplet staining (open arrow) within a necrotic
focus suggesting release of these structures with cell death. Indicated magnifi-
cations are derived from the scale of the Aperio scanner (0.5 um per pixel).

droplet metabolism in NASH. Injury to these structures is likely
to significantly alter disposal of free fatty acids whose accumula-
tion underlies lipotoxicity. The accumulation of fat droplets in
ballooned hepatocytes also suggests involvement of the endo-
plasmic reticulum from which they are derived and to distur-
bance in their normal disposal as VLDL particles, impairment of
which appears to play a significant role in NASH pathogenesis
[28-33]. Because of the close association of ballooning with the
formation of Mallory-Denk bodies [34], these results further raise
essential questions regarding the interaction of the fat droplets
with the cytoskeleton of the hepatocyte. Prior work from Frank
et al. demonstrated that adipocyte fat droplets form from the
ER in close association with cytoskeletal elements [35,36]. More
recent investigation in Drosophila has shown that cytoskeletal
associations are maintained in more mature droplets and guide
movement of the fat droplets via ‘molecular toggles’ mediated
by members of the PAT family proteins which also govern lipase
access to the triglyceride within the fat droplets [37].

The accumulation of fat droplets in ballooned hepatocytes uni-
tes several pathogenic mechanisms in NASH including oxidative
fat injury, endoplasmic reticulum dysfunction, and abnormalities
of the cytoskeleton in hepatocellular ballooning [38-41]. From
this work, we can conjecture that oxidative injury to the fat drop-
let contributes to damage to the endoplasmic reticulum as a result
of both fat accumulation and loss of cytoskeleton function. This
may obstruct the fat droplet interaction with normal VLDL

Fig. 4. Serial localization of ballooned cell for correlative light microscopy
with toluidine blue and ultrastructure by TEM. (A) Toluidine blue staining of an
osmium fixed specimen showing abundance of osmiophilic mediovesicular fat
droplets (400x). Open arrow indicates a landmark red blood cell within the
central vein. Asterisk indicates Mallory-Denk Body confirmed in the serially cut
TEM shown in (B). (B) Serially cut sample to examine by TEM (1000x ) the same
cell shown in (A). Open arrow indicates landmark red blood cell within the
central vein. TEM shows relationships between cellular enlargement, accumula-
tion of fat droplets and Mallory-Denk body (asterisk). Inset (15,000x ) confirms
the filamentous Mallory-Denk body (MDB). The solid arrow indicates landmark
heterochromatin within the nucleus in reference to the inset.
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Fig. 5. Representative TEM series. (A-F) Ultrastructure of a ballooned hepatocyte showing the relationships between fat droplets, dilated endoplasmic reticulum, and
cytoskeletal injury evident as a perinuclear Mallory-Denk body. (up to 60,000x ). Abbreviations: L-FD, large fat droplet; FD, fat droplet; Si, sinusoidal space; SoD, space of
Disse; C, extracellular collagen bundle; N, nucleus; Nu, nucleolus; M, mitochondria; MDB, Mallory-Denk body; dER, dilated endoplasmic reticulum. (F) Arrows indicate

continuity of the fat droplets with the endoplasmic reticulum.

synthesis and secretion and could result in changes in the cyto-
skeleton evident as a Mallory-Denk body. How this process might
interact with abnormal expression, misfolding, hyperphosphory-
lation, and degradation of keratins 8 and 18, previously described
in a number of conditions associated with ballooning and oxida-
tive stress [42], remains to be assessed. Abnormal disposition of
the fat droplets in ballooned hepatocytes rather than total fat con-
tent might also explain the lack of correlation between the steato-
sis grade and the degree of ballooning which was recently
reported by Chalasani et al. [43].

The authors recognize that this study has inherent limitations.
There is often disagreement even among experts about the pres-
ence or absence of cellular ballooning in NASH by conventional
H&E staining and we anticipate that some readers will disagree
with our determination of ballooning in the sample figures we
have provided. However, it is our hope that these findings, sup-
ported by the consistent results of the keratin 18 stains and serial
section cutting of the LM and TEM specimens to localize bal-
looned cells (Figs. 1-5), will shed light on this difficult area. In
addition, while we have studied a relatively wide range of histo-
logical severity, the number of subjects is small due to the chal-
lenge of prospectively studying human tissue. We also recognize
inherent technical limitations of the techniques we used.
Although not quantified, penetration of the oil red O fat stain into
both ballooned hepatocytes and macrosteatotic cells seemed to
vary with dwell time in the stain solution. Because lipid compo-
sition is known to affect the activity of this stain [44], lipid com-
position within the fat droplets may be present and could have
altered the appearance of the cells. Indeed, variable composition
in hepatic fat droplets has been observed using ion mass spec-
troscopy on human NAFLD liver biopsy samples and in vitro in

cell culture using properties of osmium-fat binding [45,46].
Finally, we realize that our study is comparative and only obser-
vational but we feel that the findings are valid and offer impor-
tant insight into the potential role of the fat droplet organelle
in this disease. The latter is further supported by recent experi-
mental work indicating an important role of lipophagy of fat
droplets in the regulation of lipid metabolism [47].

In summary, our results show that cellular ballooning in NASH
is associated with substantial accumulation of fat droplets along
with dilation of the endoplasmic reticulum and injury to the
cytoskeleton. Although these findings could represent indepen-
dent processes, it is plausible that the findings unite a number
of disparate observations in this disease. We hypothesize that
oxidative injury to the fat droplet surface destroys the integrity
of this organelle and is related to similar injury to the endoplas-
mic reticulum evident morphologically as ER dilation and to
injury of the cytoskeleton evident as loss of cytokeratin elements
and formation of Mallory-Denk bodies. We conjecture that injury
to the fat droplet impairs safe disposal of excess free fatty acids
and thus contributes to NASH-related cellular lipotoxicity.
Whether similar associations are evident in cellular ballooning
and cytoskeletal injury in other conditions such as ischemia-
reperfusion or cholestatic disease described by both Lackner
et al. [11] and by Zatloukal et al. [42] warrants further study.
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