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SUMMARY

Mitochondrial injuries and alterations are well established
in steatosis and nonalcoholic fatty liver disease. Neverthe-
less, little is known if such alterations also exist upon re-
covery. Here, we identified a cytoskeleton–mitochondrial
pathway that predisposes hepatocytes to reactive oxygen
species–induced death even upon the reversal of steatosis
in vitro.

BACKGROUND & AIMS: Alterations in mitochondrial
morphology and function and increased oxidative stresses in
hepatocytes are well established in nonalcoholic fatty liver
disease (NAFLD). Patients can undergo lifestyle changes,
especially in earlier NAFLD stages, to reverse disease-induced
phenotypes on a gross level. Yet, little is known about
whether mitochondrial function and injuries recover upon
reversal. Thus, we elucidated this question and interplays be-
tween the cytoskeletal network and mitochondria in the
development and reversal of steatosis.
METHODS: We cultured primary human hepatocytes stably
for 2 weeks and used free fatty acid supplementation to
induce steatosis over 7 days and reversed steatosis by free
fatty acid withdrawal over the next 7 days. We assessed
cytoskeletal and mitochondrial morphologies using immuno-
cytochemistry and confocal microscopy. We evaluated mito-
chondrial respiration and function via the Seahorse analyzer,
in which we fully optimized reagent dosing specifically for
human hepatocytes.

RESULTS: During early steatosis, intracellular lipid droplets
displaced microtubules altering mitochondrial distribution,
and disrupted the F-actin network, leading to loss of bile
canaliculi in steatotic hepatocytes. Basal mitochondrial
respiration, maximum respiratory capacity, and resistance to
H2O2-induced cell death also increased as an adaptative
response. Upon reversal of steatosis, F-actin and bile canal-
iculi were restored in hepatocytes. Nevertheless, we
observed an increase in elongated mitochondrial branches
accompanied by decreases in a-tubulin expression, mito-
chondrial proton leak, and susceptibility to H2O2-induced cell
death.
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CONCLUSIONS: Despite the restoration of cytoskeletons
morphologically upon reversal of steatosis, the mitochondria in
hepatocytes were impaired owing to early adaptative respira-
tory increase. Hepatocytes thus were highly predisposed to
H2O2-induced cell death. These results indicate the persistence
of potential health risks for recovering NAFLD patients. (Cell
Mol Gastroenterol Hepatol 2023;16:243–261; https://doi.org/
10.1016/j.jcmgh.2023.04.003)

Keywords: Nonalcoholic Fatty Liver Disease; Steatosis; Cyto-
skeleton; Mitochondria.
See editorial on page 321.
onalcoholic fatty liver disease (NAFLD) is one of the
Abbreviations used in this paper: ATP, adenosine triphosphate;
BODIPY, boron-dipyrromethene; DAPI, 4,6-diamidino-2-phenylindole;
ECM, extracellular matrix; FCCP, p-trifluoromethoxy-phenylhydrazone;
FFA, free fatty acid; GAPDH, glyceraldehyde-3-phosphate dehydroge-
nase; IC50, median inhibitory concentration; MFF, mitochondrial fission
factor; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic
steatohepatitis; OCR, oxygen consumption rate; OPA1, optic atrophy-1;
OXPHOS, oxidative phosphorylation; ROS, reactive oxygen species; Rot/
AA, rotenone and antimycin A; TOMM20, translocase of the outer
mitochondrial membrane complex subunit 20; 7F, hepatocytes cultured
for 7 days in medium supplemented with oleic acid and palmitic acid;
7F7L, hepatocytes cultured in fatty medium for the first 7 days followed
by culture in the lean medium for the next 7 days; 7L, hepatocytes
cultured for 7 days in regular (lean) medium.
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Nmost complicated and widespread diseases that
modern medicine has to face.1,2 NAFLD is hallmarked by the
accumulation of intracellular lipids independently of alcohol
consumption. It encompasses a wide spectrum of progression
stages from simple steatosis, nonalcoholic fatty liver, to
nonalcoholic steatohepatitis (NASH), cirrhosis, and hepatocel-
lular carcinoma.3–5 Each stage is characterized differently and
poses different threats to the patient’s health and the treat-
ment varies significantly. In recent years, NAFLD has been
categorized as a vital component in the metabolic syndrome
associated with obesity and insulin resistance,6,7 and ranked as
the most common chronic liver disease in the world.8–10

Because of its complexity, several competing hypotheses,
interpreting the development and progression of NAFLD,
evolved over time. These then led to the long-standing two-
hit hypothesis, which described the pathogenesis of NAFLD
after its progression to different stages.11–13 The first hit
was described as the accumulation of lipids, and the
hypermetabolizing activity to process these lipids. This hy-
permetabolism was expected to promote oxidative stress
and lipid peroxidation, resulting in the activation of down-
stream inflammatory and fibrotic pathways. Thus, the first
hit was hypothesized to sensitize the liver to further insults
(ie, the second hit which involves the activation of inflam-
mation and fibrogenesis).14 This second hit then initiates the
progression to NASH and cirrhosis. More recently, as more
characteristics of NAFLD pathogenesis—such as lipotoxicity,
innate immune activation, and genetic susceptibility—were
identified, a multiple hit hypothesis emerged, which
described the interplay of these parallel pathways and
molecular events better.15,16 However, whether the
multiple-hit hypothesis is the perfect interpretation for the
development of NAFLD is unclear, leaving several gaps un-
filled, such as the role of cytoskeletal interplay.

Despite differences in competing theories on the causality
of different events during pathogenesis, a common feature in
NAFLD is the alterations in mitochondrial function and struc-
ture.11,17 Increased mitochondrial respiratory capacity has
been observed in patients and animal models of early stage
NAFLD, such as simple steatosis. This compensatory increase
reflects an adaptative response to increased lipid metabolism
and gluconeogenesis in NAFLD to protect the liver from free
fatty acid (FFA)-mediated toxicity.18,19 However, if the insults
from excessive lipid metabolism—such as oxidative stresses
from b-oxidation and the tricarboxylic acid cycle—persist, this
preventative adaptive mechanism will be disrupted and the
mitochondrial respiratory capacity tumbles.20 As the
increased compensatory capacity is lost, the production of
more reactive oxygen species (ROS) will not be balanced and
will contribute further to mitochondrial damage in late-stage
NAFLD.21,22 Abnormal morphology including swelling, crys-
talline inclusion, and a reduction in the number of mitochon-
dria,23,24 as well as decreased production of adenosine
triphosphate (ATP),25,26 have been reported in the patho-
physiology of late-stage NAFLD, such as NASH. The mitochon-
drial impairment is potentially owing to oxidative DNA
damage,18 which is in line with reports of depletion and
epigenetic changes inmitochondrial DNA in NASHpatients and
mouse models of NASH.27,28 However, whether the mitochon-
drial dysfunction results from interplay with other cellular
components in the development of NAFLD remains unclear.

In general, the cellular mitochondrial network adapts and
remodels rapidly in response to energy and metabolism de-
mands via interaction with cytoskeletons.29,30 Among these,
the microtubule cytoskeleton provides structural heteroge-
neity and aids in adaptive responsiveness for the mitochon-
dria.31 Specifically, mitochondria translocate along the
microtubular network to where the energy demand is high.32

This motility supported by the microtubules also is essential
to turnover and removal of aged and stressed
mitochondria.33–35 The other cytoskeleton, F-actin, also facil-
itates the motility of the mitochondria36 and regulates its
intracellular distribution.37 More importantly, F-actin facili-
tates the fusion38 and fission39–41 dynamics of mitochondria.
Themitochondrial–cytoskeletal interaction and its vital role in
maintaining fundamental cellular functions have been eluci-
dated, but mainly in neurons29,31 and cardiomyocytes.42 The
role of cytoskeletons has been reviewed regarding membrane
transport andmaintaining the polarization of the hepatocyte43

and in the pathophysiology of alcohol-induced liver injury.44

Alterations to mitochondrial structure and function thus
are well documented in nonalcoholic fatty liver progression
and pathogenesis. Nevertheless, the interaction of mitochon-
dria and cytoskeleton in the parenchymal cells of the liver (ie,
the hepatocytes), during the pathogenesis of NAFLD is notwell
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understood. Furthermore, it is not well characterized whether
the early alterations to mitochondria and the cytoskeletons
observed in steatosis persist when the steatosis is reversed by
different interventions. Such interventions, through lifestyle
and dietary changes or therapeutics,45 can achieve a
morphologically healthier tissue phenotype of a gross level.
Significant improvements in liver histology are seen in over-
weight and obese NAFLD patients after a 5%–10% weight
loss.46,47 Yet, little is known about whether alterations to the
mitochondria and the cytoskeletons can persist in patients
even after such successful interventions.Wehypothesized that
such alterations might indeed be persistent upon reversal of
major NAFLD phenotypic markers. Importantly, these persis-
tent alterations, especially to the mitochondria, may poten-
tially put recovering NAFLD patients at increased risk of injury
by especially oxidative insults, among other insults.

Accordingly, here, we developed an in vitro culturemodel to
stably cultureprimaryhumanhepatocytes forup to2weeks.We
then sought to characterize structural alterations in mitochon-
dria and cytoskeletal networks and functional alterations in
mitochondria during the development of steatosis and its sub-
sequent reversal. To this end, we have used an FFA cocktail
supplementation to the standard culture medium to induce
steatosis over 7 days, and withdrawal of this cocktail over the
next 7days to reverse the steatotic phenotype. Subsequently,we
have assessed the quantity, morphology, and distribution of the
cytoskeletons and mitochondria using immunohistochemistry,
confocal imaging, and Western blot. We also assessed the
mitochondrial respiratory dynamics and the susceptibility of
hepatocytes to oxidative stress–induced death both in the
steatotic stage and after reversing such phenotypes. Specifically,
we used a Seahorse XF HS mini Analyzer to assess different
respiratory characteristics in which we first fully optimized the
dosing of different reagents for use with primary human hepa-
tocytes. We then conducted an H2O2 dose-response study to
assess the capacity of steatotic and reversed hepatocytes to
manage oxidative stress–induced injuries.

We found that substantial alterations to cytoskeletons,
especially the F-actin network, upon the development of
steatosis were resolved upon the reversal of steatosis. In
contrast, we observed an increase in elongatedmitochondrial
branches accompanied by increases in a-tubulin expression,
mitochondrial proton leak, and susceptibility to H2O2-
induced cell death. These results indicate that some of the
mitochondrial and cytoskeletal injuries to liver tissue may
persist upon reversal of steatosis, and possibly in recovering
NAFLD patients who undergo different interventions to
resolve disease-related phenotypes. Furthermore, such in-
juries also might lead to increased susceptibility to cell and
tissue death by oxidative stresses owing to internal and
external agents, and cellular processes.
Results
Induction and Reversal of Steatosis in Human
Hepatocytes

Our study consisted of 4 different groups: 2 time-control
groups and 2 experimental groups for the induction and
reversal of steatosis. The time courses for these groups are
shown in Figure 1A. Hepatocytes were cultured in the reg-
ular (lean) medium for 7 (7L) and 14 (14L) days as time
controls. Steatosis was induced by culturing hepatocytes in
a medium supplemented with FFAs (oleic acid and palmitic
acid) for 7 days (7F) for the first experimental group,
referred to as the steatosis group. The reversed steatosis
group (7F7L), on the other hand, was cultured in the fatty
medium for the first 7 days followed by culture in the lean
medium for the next 7 days.

We characterized the morphology and the extent of lipid
accumulation in our studies via imaging. Specifically, we
used both phase-contrast imaging (Figure 1B, upper panels)
and fluorescent imaging where we used boron-dipyrrome-
thene (BODIPY) for lipid droplets and counterstain 4,6-
diamidino-2-phenylindole (DAPI) for delineating the cell
nuclei (Figure 1B, lower panels). We quantitated both the
size and number of droplets (Figure 1C). The 7L hepato-
cytes, as the lean time control group, showed a flattened
cuboidal morphology and native cell–cell contacts, after 7
days of culture (Figure 1B, upper panels). These bright
cell–cell contacts on the apical cell surfaces, visible via
phase-contrast microscopy, were a good proxy for the bile-
canaliculi without the use of any dyes. The median intra-
cellular lipid droplet size (Figure 1B, lower panels) in 7L
hepatocytes was 7.48 mm2, and the maximum was 103.90
mm2, with a total droplet number of 145 ± 28 per field
(Figure 1C). In 7F hepatocytes (ie, the steatosis group), the
lipid droplets increased both in size and number. Specif-
ically, the median lipid size was 13.27 mm2 and the
maximum size was 319.10 mm2, while the total number of
lipids increased to 1385 ± 253 per field. The 7F hepatocytes
showed a loss of visible cell–cell contact in the microscopic
images (Figure 1B).

Upon the reversal of steatosis in the reversed 7F7L group,
the intracellular lipid droplets in hepatocytes reduced in size,
and the median was reduced to 12.44 mm2, the maximum
was reduced to 269.90 mm2, and the total number was
decreased to 483 ± 114 per field (Figure 1C). Compared with
the 14-day time control, the 14L group, the lipid droplet size
in the 7F7L hepatocytes was lower than that of the 14L he-
patocytes (median, 10.49 mm2; maximum, 285.70 mm2), and
the number was the same as that in the 14L group (562 ±
134 per field). Both the 7F7L (reversed) and the 14L (time
control) groups displayed brightly visible cell–cell contacts in
phase-contrast imaging (Figure 1B). Donor-specific data in
Figure 1 can be found in detail in Table 1.

We also assessed 2 important hepatic functional
markers, albumin and urea, via their measurements in the
culture medium of different groups. The urea concentration
in the culture medium fluctuated around 55 mg/mL per day
and no difference among the 4 groups, 7L, 7F, 14L, and
7F7L, was observed (Figure 1D). The human albumin con-
centration in the culture medium increased from approxi-
mately 15 mg/mL on day 0 to 60 mg/mL on day 4, and
stabilized thereafter in both 7L and 7F hepatocytes. No
difference was seen between the 7F7L and the 14L time
control groups (Figure 1E).



Figure 1. The development and reversal of steatosis in human hepatocytes. (A) The timeline of the development (7F) and
reversal (7F7L) of steatosis in human hepatocytes with their corresponding time controls (7L and 14L). (B) Upper panel: Bright-
field images of human hepatocytes after the development of steatosis (7F) and after the reversal of steatosis (7F7L) in
comparison with their corresponding time controls (7L and 14L). Lower panel: Intracellular lipid droplets stained with BODIPY,
and nuclei stained with DAPI in human hepatocytes after the development (7F) and reversal (7F7L) of steatosis in comparison
with their time controls (7L and 14L). (C) Quantitation of the size and number of lipid droplets per field in hepatocytes after the
completion of the 4 timelines. (D) The time course of the daily urea secreted into the culture medium by hepatocytes in the 4
timelines. (E) The time course of the daily human albumin secreted into the culture medium by hepatocytes. Hepatocyte
donors: N ¼ 3. For each donor and each treatment, hepatocytes were cultured in 4–6 separate duplications. For bright-field
and fluorescence staining analysis, 6 fields of images were captured in each culture well and subjected to quantitation.
Medium from each culture was collected to measure urea and human albumin. Donor-specific data are shown in Table 1.
Statistical analyses were performed using a 2-way analysis of variance (ANOVA) followed by the Tukey multiple comparisons
test. Data are shown as means ± SD, except for the left panel in panel C, with maximum and minimum values as error bars. *P
< .05, 2-way ANOVA, Tukey multiple comparisons.
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Table 1.Donor-Specific Data of the Size and Number of Lipid Droplets Developed Within Hepatocytes, Urea, and Albumin
Concentration in Culture Medium After Different Treatments

7L 7F 14L 7F7L

Size of lipid droplets, mm2

Mean
Donor 1 13.03 27.57 22.86 19.29
Donor 2 12.29 25.48 19.55 22.97
Donor 3 12.50 26.84 15.87 26.64

Maximum
Donor 1 72.68 319.06 259.46 186.67
Donor 2 90.62 269.76 285.69 258.19
Donor 3 103.94 264.76 115.83 268.88

95th percentile
Donor 1 39.33 95.39 89.62 65.92
Donor 2 38.44 97.63 66.21 78.07
Donor 3 41.27 95.63 49.42 94.53

Lipid droplets, n
Donor 1 171 ± 19 1141 ± 122 437 ± 55 651 ± 135
Donor 2 149 ± 10 1449 ± 270 568 ± 138 630 ± 112
Donor 3 117 ± 9 1469 ± 208 418 ± 75 429 ± 29

Urea on day 0, mg/mL
Donor 1 74.10 ± 1.49 75.22 ± 2.22 N/A N/A
Donor 2 44.88 ± 0.71 50.31 ± 5.36 N/A N/A
Donor 3 41.69 ± 0.74 37.98 ± 1.14 N/A N/A

Urea on day 7, mg/mL
Donor 1 71.86 ± 3.10 73.07 ± 10.81 N/A N/A
Donor 2 75.85 ± 1.71 61.71 ± 1.15 N/A N/A
Donor 3 73.06 ± 1.67 47.00 ± 3.59 N/A N/A

Urea on day 14, mg/mL
Donor 1 N/A N/A 76.42 ± 3.00 66.04 ± 1.63
Donor 2 N/A N/A 35.27 ± 6.69 40.08 ± 1.90
Donor 3 N/A N/A 48.15 ± 5.07 57.00 ± 1.90

Albumin on day 0, mg/mL
Donor 1 7.68 ± 1.17 8.89 ± 0.22 N/A N/A
Donor 2 16.22 ± 0.84 19.18 ± 2.96 N/A N/A
Donor 3 15.66 ± 1.63 15.51 ± 8.16 N/A N/A

Albumin on day 7, mg/mL
Donor 1 62.63 ± 2.76 63.33 ± 6.74 N/A N/A
Donor 2 64.34 ± 5.67 58.42 ± 2.68 N/A N/A
Donor 3 67.84 ± 0.72 53.04 ± 10.28 N/A N/A

Albumin on day 14, mg/mL
Donor 1 N/A N/A 56.49 ± 0.04 53.71 ± 4.69
Donor 2 N/A N/A 58.40 ± 3.47 51.31 ± 7.02
Donor 3 N/A N/A 53.90 ± 2.90 50.20 ± 5.44

NOTE. Hepatocytes from 3 donors were each cultured in 4–6 duplicates in different experiments and subjected to the
measurement for lipid size and number. The medium was collected for urea and albumin content. Data are shown as means ±
SD unless indicated otherwise. Graphical data and statistical analyses are shown in Figure 1.
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The Disruption in the F-Actin Cytoskeleton Was
Restored After the Reversal of Steatosis, but Not
in the Microtubule

We studied the morphology of the F-actin cytoskeleton
in all 4 groups using phalloidin staining for the F-actin, and
counterstains BODIPY for lipid droplets and DAPI for the
nuclei (Figure 2A). We quantitated these results by
measuring the number of punctate lumens, stained by
phalloidin, in each field (Figure 2B). The F-actin cytoskel-
eton in the 7L time control was concentrated along the
plasma membrane and formed punctate lumens in contact
with neighboring cells (7L) (Figure 2A). In contrast, in 7F
hepatocytes as the steatosis group, the F-actin network
along the plasma membrane was disrupted and the number
of lumens formed by the F-actin was reduced drastically
compared with the 7L group (174 ± 36 vs 323 ± 28 per
field) (Figure 2B). Upon reversal of steatosis, as the reversed
7F7L group, the F-actin cytoskeletal network was restored
morphologically and the number of F-actin–positive lumens
returned to normal levels (14L, 309 ± 26 vs 323 ± 36 per
field). These numbers are statistically similar to both the 7L
and 14L time controls (323 ± 28 and 323 ± 36 per field).

We also assessed the intracellular morphology of the
microtubule cytoskeleton by a combination of immunocyto-
chemistry to stain a-tubulin, BODIPY for lipid droplets, and
DAPI for nuclei (Figure 2C). We quantitated the area covered
by a-tubulin in each image field (Figure 2C) by measuring its
fluorescent signal in the red channel (Figure 2D). In 7L



Figure 2. Morphology and protein expression of F-actin and microtubule cytoskeleton in human hepatocytes after the
development and reversal of steatosis. (A) BODIPY-stained lipid droplets (green), phalloidin-stained F-actin (red), and DAPI-
stained nuclei (blue) in human hepatocytes after the development (7F) and reversal (7F7L) of steatosis in comparison with their
time controls (7L and 14L). (B) Quantitation of punctate lumens along the plasma membrane stained by phalloidin per field in
human hepatocytes in the 4 timelines. (C) BODIPY-stained lipid droplets (green), immunostained-a-tubulin (red), and DAPI-
stained nuclei (blue) in human hepatocytes after the development (7F) and reversal (7F7L) of steatosis in comparison with
their time controls (7L and 14L). (D) Quantitation of red fluorescent a-tubulin–stained microtubules in the area fraction of each
field in human hepatocytes in the 4 timelines. (E) Western blots of the expression of the F-actin subunit pan-actin and the
microtubule subunit a-tubulin as well as the load control GAPDH. (F) Densitometric analyses of the expression of pan-actin
and a-tubulin relative to the expression of GAPDH. Expression in all groups for each donor is normalized to the baseline
control (7L) from the same donor. Hepatocyte donors: N ¼ 3. For each donor and each treatment, BODIPY and F-actin
staining, and BODIPY and a-tubulin were stained separately in 2 and 2–3 duplicated cultures, respectively, and 6 fields of
images were captured in each culture and subjected to quantitative analysis. For each donor and each treatment, protein was
extracted from 2 separate cultures and subjected to Western blot. Donor-specific data are shown in Table 2. Data are shown
as means ± SD. *P < .05, 2-way analysis of variance, Tukey multiple comparisons.
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Table 2.Donor-Specific Data of Morphology Measurement and Protein Expression of F-Actin and a-Tubulin of Hepatocytes
After Different Treatments

7L 7F 14L 7F7L

Punctate lumens stained by phalloidin per field, n
Donor 1 321 ± 32 186 ± 45 303 ± 27 304 ± 22
Donor 2 312 ± 32 146 ± 24 359 ± 28 309 ± 43
Donor 3 342 ± 13 196 ± 16 301 ± 19 316 ± 25

Red fluorescence area fraction per field, %
Donor 1 63.05 ± 1.34 34.20 ± 1.13 33.90 ± 5.80 29.40 ± 0.28
Donor 2 56.15 ± 5.87 24.90 ± 4.81 34.45 ± 2.90 36.00 ± 6.22
Donor 3 52.70 ± 2.40 19.30 ± 1.84 51.95 ± 1.48 32.35 ± 8.56

Pan-actin expression to GAPDH
Donor 1 0.73 ± 0.02 0.72 ± 0.02 0.78 ± 0.02 0.74 ± 0.02
Donor 2 1.10 ± 0.03 1.03 ± 0.03 0.72 ± 0.02 0.85 ± 0.02
Donor 3 1.24 ± 0.04 0.93 ± 0.03 0.88 ± 0.03 0.74 ± 0.02

a-tubulin expression to GAPDH
Donor 1 0.49 ± 0.04 0.75 ± 0.03 0.62 ± 0.01 0.27 ± 0.05
Donor 2 1.12 ± 0.05 0.57 ± 0.03 0.73 ± 0.04 0.10 ± 0.01
Donor 3 1.66 ± 0.08 1.22 ± 0.06 1.14 ± 0.05 0.66 ± 0.03

NOTE. Hepatocytes from 3 donors were each cultured in different experiments. Two to 3 duplicated cultures were subjected
to BODIPY and F-actin staining, 2 cultures were subjected to BODIPY and a-tubulin, and 2 cultures were subjected to Western
blot. Data are shown as means ± SD. Graphical data and statistical analyses are shown in Figure 2.
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hepatocytes, the microtubule was organized as a meshwork
of long filaments from the nucleus toward the cell periphery
(7L) (Figure 2C), as expected in healthy cells. In 7F hepato-
cytes, the steatosis group, the microtubule network was
disrupted and displaced by lipid droplets, and the microtu-
bules were concentrated along the plasma membrane.
Quantitatively, this manifested as a reduction in the intra-
cellular distribution of microtubules in the steatotic hepa-
tocytes (7F) to 26.13% ± 7.13% in area fraction per field,
compared with the lean time control (7L) of 57.30% ±
5.53% (Figure 2D). Among the 14L hepatocytes, the micro-
tubules also migrated toward the plasma membrane and
formed contiguous channels while maintaining an intracel-
lular microtubular filament distribution of 40.10% ± 9.65%
in area fraction. Although the intracellular distribution of the
microtubule filament in the reversed 7F7L hepatocytes
(32.58% ± 5.58% area fraction per field) was restored to a
level higher than 7F, it still was lower than the corre-
sponding 14L time control.

To further elucidate the cytoskeletal changes in our ex-
periments, we studied the change in the expression of
cytoskeletal proteins for each study group in each of the 3
human hepatocyte donors. To this end, we used Western
blot (Figure 2E) and quantitated the results (Figure 2F). The
overall protein expression of pan-actin subunits was not
altered in the 7F and 7F7L groups compared with the cor-
responding time controls of 7L and 14L relative to glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) (Figure 2E
and F). The protein expression of a-tubulin subunits was
not altered in 7F hepatocytes. However, upon the reversal of
steatosis, in the 7F7L group, the expression of a-tubulin in
hepatocytes was reduced significantly and consistently in all
3 donors. Donor-specific data in Figure 2 can be found in
detail in Table 2.
Altered Mitochondrial Dynamics in Human
Hepatocytes Recovering From Steatosis

Next, we studied how the intracellular morphology of
mitochondria changed after the development and reversal
of steatosis. To this end, we used translocase of outer
mitochondrial membrane 20 (TOMM20) for immunostain-
ing the mitochondria and a counterstain, DAPI, for nuclei;
and characterized the morphology and distribution of
mitochondria in the perinuclear area. In 7L hepatocytes,
mitochondria were uniformly spherical and distributed
around the nucleus (7L) (Figure 3A), taking up 47.27% ±
13.33% of the 1000-mm2 perinucleus area (Figure 3B). In 7F
hepatocytes, the perinucleus distribution of mitochondria
was displaced by lipid droplets, leading to a reduction of
27.88% ± 12.11% in area fraction in comparison with 7L. In
the 14L group, the mitochondria took up 45.23% ± 18.93%
of the perinucleus area, similar to the 7L hepatocytes. In
contrast, the perinuclear mitochondrial distribution in the
reversed 7F7L group remained low (32.35% ± 18.94%) and
comparable with the distribution of the steatosis 7F group.

In addition to the differences in the intracellular distri-
bution of mitochondria, we also quantitated the branching
and elongation of the mitochondrial network after the
development and reversal of steatosis (Figure 3C). For the 2
time-control groups, 7L and 14L, mitochondria showed as
spheres in the hepatocytes (7L, 2.48 ± 0.33 mm; 14L, 3.26 ±
0.47 mm in branch length) (Figure 3C). The spherical
morphology was not altered in 7F hepatocytes (3.08 ± 0.35
mm, branch length) despite the drastic reduction in the
perinuclear distribution as we discussed. In contrast, the
elongation of mitochondrial branches increased to 4.58 ±
0.65 mm in the reversed 7F7L group, which is significantly
higher than both the time controls and steatotic
hepatocytes.



Figure 3. Morphology of mitochondria and expression of mitochondrial dynamic regulatory proteins in human hepa-
tocytes after the development and reversal of steatosis. (A) TOMM20-stained mitochondria (green) and DAPI-stained
nuclei (blue) in human hepatocytes after the development (7F) and reversal (7F7L) of steatosis in comparison with their time
controls (7L and 14L). (B) Quantitation of green fluorescent TOMM20-stained mitochondria in a fraction of a 1000-mm2 per-
inucleus area in human hepatocytes in the 4 timelines. (C) Quantitation of the length of mitochondria branches in human
hepatocytes in the 4 timelines using Fiji: ImageJ plugin MiNA mitochondrial network analysis. (D) Western blots of the
expression of the mitochondrial fusion protein OPA1 and fission protein MFF, as well as the mitochondrial load control
TOMM20. (E) Densitometric analyses of the expression of OPA1 and MFF relative to the expression of TOMM20. Expression in
all groups for each donor is normalized to the baseline control (7L) from the same donor. Hepatocyte donors: N ¼ 3. For each
donor and each treatment, hepatocytes were cultured separately in 2 cultures for TOMM20 staining and 6 fields of images
were captured from each culture and subjected to analysis. For each donor and each treatment, 2 cultures were prepared for
protein extraction and subjected to Western blot analysis. Donor-specific data are shown in Table 3. Data are shown as means
± SD. *P < .05, 2-way analysis of variance, Tukey multiple comparisons.
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We also used Western blots to examine the expression of
regulatory proteins for mitochondrial dynamics after the
development and reversal of steatosis. Specifically, we
assessed the expression of mitochondrial fusion regulatory
protein optic atrophy-1 (OPA1), and fission regulatory
protein mitochondrial fission factor (MFF) in hepatocytes in
all the study groups individually from 3 donors (Figure 3D
and E). There was high heterogeneity in the relative
expression of OPA1 in comparison with the mitochondrial
housekeeping protein TOMM20 among the 3 donors. Thus,
we found no statistically significant difference in the OPA1
expression between the 14L vs 7F7L groups on average



Table 3.Donor-Specific Data of Morphology Measurement of Mitochondrial Dynamics and Associated Mitochondrial Protein
Expression of Hepatocytes After Different Treatments

7L 7F 14L 7F7L

Perinucleus TOMM20 area fraction, %
Donor 1 42.31 ± 10.11 26.70 ± 12.88 38.16 ± 22.98 38.06 ± 18.29
Donor 2 44.10 ± 14.49 26.44 ± 13.11 45.18 ± 15.56 29.61 ± 12.84
Donor 3 53.46 ± 12.91 31.21 ± 10.57 51.48 ± 16.16 31.72 ± 23.70

Mitochondrial branch length, mm
Donor 1 2.74 ± 0.42 3.32 ± 0.43 3.52 ± 0.15 4.07 ± 0.39
Donor 2 2.25 ± 0.10 2.73 ± 0.22 3.55 ± 0.28 5.23 ± 0.21
Donor 3 2.46 ± 0.31 3.17 ± 0.03 2.72 ± 0.37 4.46 ± 0.75

OPA1 expression to TOMM20
Donor 1 1.04 ± 0.15 1.23 ± 0.11 0.24 ± 0.57 0.94 ± 0.11
Donor 2 1.01 ± 0.05 0.77 ± 0.22 0.98 ± 0.05 1.29 ± 0.20
Donor 3 1.28 ± 0.19 1.22 ± 0.10 0.94 ± 0.05 1.31 ± 0.22

MFF expression to TOMM20
Donor 1 0.74 ± 0.15 0.50 ± 0.98 0.54 ± 0.18 0.19 ± 0.40
Donor 2 0.61 ± 0.17 0.52 ± 0.70 0.51 ± 0.76 0.70 ± 1.03
Donor 3 1.49 ± 0.65 1.29 ± 0.98 0.68 ± 0.17 0.77 ± 0.93

NOTE. Individual donor data for Figure 3. Hepatocytes from 3 donors were each cultured in different experiments. Two
duplicated cultures were subjected to TOMM20 staining, and 2 cultures were subjected to Western blot. Data are shown as
means ± SD. Graphical data and statistical analyses are shown in Figure 3.
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when the results from all donors were pooled, except 7F7L
had MFF expression lower than the 7L control when tested
under 2-way analysis of variance followed by Tukey multi-
ple comparison (Figure 3E). However, when assessed for
each individual donor, the reversed 7F7L hepatocytes had a
consistent trend of increasing OPA1 expression (donor 1,
240.9%; donor 2, 31.6%; and donor 3, 41.1%) compared
with 14L time controls from the same donors. We also
found no statistically significant differences in the overall
expression of MFF in the 4 groups when results from all 3
donors were pooled. Donor 1 had a 62.8% reduction in MFF
expression in the 7F7L group (circled in Figure 3E) in
comparison with the 14L control. On the contrary, donors 2
and 3 had an increased expression compared with the 14L
control. This inconsistency also indicated heterogeneity in
the expression of MFF when steatosis was reversed. Donor-
specific data in Figure 3 can be found in detail in Table 3.
Study of the Mitochondrial Stress and
Respiratory Capacity in Human Hepatocytes
After the Development and Reversal of Steatosis
Titration and dose optimization of oxidative
phosphorylation stressors oligomycin, p-tri-
fluoromethoxy-phenylhydrazone, rotenone, and
antimycin A in human hepatocytes. We used the
Seahorse XF HS mini Analyzer to study the mitochondrial
respiration and stress in hepatocytes. In an initial pilot study,
we found that the reagent doses recommended by the manu-
facturer for general cell typeswere too low to induce any effect
in hepatocytes. Specifically, the manufacturer recommended
maximum doses of oligomycin, p-trifluoromethoxy-phenyl-
hydrazone (FCCP), and rotenone and antimycin A (Rot/AA) in
theMito Stress Test kit are 2.5, 2, and 0.5 mmol/L, respectively,
(https://www.agilent.com/cs/library/usermanuals/public/
XF_Cell_Mito_Stress_Test_Kit_User_Guide.pdf). Nevertheless,
these doses failed to induce full effects in primary human
hepatocytes, likely owing to the substantially higher
numbers of mitochondria in hepatocytes compared with
most other cell types (Figure 4). Thus, we performed a
titration experiment for all 3 drugs in the kit to optimize
doses to reach full effects for human hepatocytes. The inhi-
bition of the ATP synthase (complex V) on the electron
transport chain by oligomycin reached a plateau phase when
the final cumulative concentration increased tomore than 18
mmol/L (Figure 4A). A final concentration of 20 mmol/L was
chosen for oligomycin and used for the evaluation of mito-
chondrial stress in hepatocytes in the following experiments.
The disruption of mitochondrial membrane potential by
FCCP reached a plateau phase when the final cumulative
concentration increased to more than 8 mmol/L (Figure 4B).
A final concentration of 8 mmol/L was chosen for FCCP and
used for the following evaluation ofmitochondrial stress. The
inhibition of complexes I and IV in the electron transport
chain by Rot/AA reached a plateau phase when the final
cumulative concentration increased to more than 3 mmol/L
(Figure 4C). A final concentration of 5 mmol/Lwas chosen for
Rot/AA and used in the following experiment.
Increased respiration and resistance to ROS in
fatty hepatocytes but increased mitochondrial
proton leak and susceptibility to ROS when
reversed. Using the optimized doses from the earlier
titration experiment, we then tested the mitochondrial
respiration and stress in hepatocytes after the development
and reversal of steatosis using the Seahorse analyzer.
We measured the oxygen consumption rate (OCR) after
the administration of oligomycin, FCCP, and Rot/AA in
steps (Figure 5A). Upon the development of steatosis, the 7F
hepatocytes showed increased basal respiration, spared
respiratory capacity, ATP production–coupled respiration
and maximal respiration in comparison with the 7L time
control (Figure 5B). Upon the reversal of steatosis in the

https://www.agilent.com/cs/library/usermanuals/public/XF_Cell_Mito_Stress_Test_Kit_User_Guide.pdf
https://www.agilent.com/cs/library/usermanuals/public/XF_Cell_Mito_Stress_Test_Kit_User_Guide.pdf


Figure 4. Titration and dose optimization of oligomycin,
FCCP, and Rot/AA in human hepatocytes. OXPHOS
stressors from the Seahorse XF Cell Mito Stress Kit were
subjected to this titration study using a Seahorse XF HS mini
Analyzer. (A) The titration of oligomycin was performed by 4-
step injections each with a step concentration of 2, 4, and 6
mmol/L, and reached a final accumulative concentration of 8,
16, and 24 mmol/L. (B) After an injection of 20 mmol/L
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7F7L hepatocytes, the basal respiration and ATP
production–coupled respiration levels returned to the time
control levels, while both the spare respiratory capacity and
maximum respiration remained increased compared with
the 14L time control. Furthermore, an increased proton leak
was observed only in the reversed 7F7L hepatocytes.

We then measured the response of hepatocytes to H2O2

exposure to assess their susceptibility to ROS-induced cell
death during the development and reversal of steatosis.
Specifically, hepatocytes in the 4 study groups were treated
with a wide range (50, 100, 500, 1000, 5000, 10,000, and
50,000 mmol/L) of H2O2 upon the completion of their
respective timelines. We then measured the viability of he-
patocytes in this dose-response study via the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
assay for all 4 groups (Figure 5C). Among the 2 time-control
groups, 7L hepatocytes had an H2O2 median inhibitory
concentration (IC50) of 1290.50 ± 987.51 mmol/L while the
14L hepatocytes had an H2O2 IC50 of 1023.93 ± 434.36
mmol/L (Figure 5D). In comparison, the 7F hepatocytes
became more resistant to ROS with an increased H2O2 IC50
of 3182.67 ± 787.11 mmol/L. However, in the reversed 7F7L
group, hepatocytes became more susceptible to ROS-
induced damage, and the H2O2 IC50 was reduced to
462.53 ± 117.46 mmol/L. Donor-specific data in Figure 5
can be found in detail in Table 4.

Discussion
To better resemble the in vivo environment, the in vitro

culture of hepatocytes was performed in a “sandwich”
configuration, in which cells were cultured on a single
surface and overlaid with a second layer of extracellular
matrix (ECM),48 this configuration resembles the thickness
and structure of a hepatic plate, which is usually 1–2 cells
thick.49 The ECM substrate typically consists of type I
collagen,50 or a soluble form of basement membrane puri-
fied from Engelbreth–Holm–Swarm tumor cells,51,52 such as
Matrigel (Corning Inc.) and Geltrex (Thermofisher Scienti-
fic). The sandwich configuration induces increased activities
of liver-specific functions and expression of liver-specific
markers compared with cultures on a single surface of
ECM.50,53 In particular, the sandwich-cultured hepatocytes
mimic the organization and expression of cytoskeletal pro-
teins that are found in the liver.54

In sandwich-cultured hepatocytes, the cytoskeleton
network initially forms bile canaliculi as punctate lumina
oligomycin, the titration of FCCP was performed by 3-step
injections each with a step concentration of 1, 2, and 4
mmol/L, and reached a final accumulative concentration of 3,
6, and 12 mmol/L. (C) After an injection of 20 mmol/L oligo-
mycin and 8 mmol/L FCCP, the titration of Rot/AA was per-
formed by 2-step injections each with a step concentration of
1, 2, and 3 mmol/L, and reached a final accumulative con-
centration of 2, 4, and 6 mmol/L. The detailed procedure of
the titration and dose optimization of all 3 drugs are shown in
Table 2. Titration experiments were conducted using hepa-
tocytes from donor 1 and each concentration was repeated in
3 duplications.



Figure 5. Evaluation of mitochondrial functions and respiration, and viability dose response of H2O2 in human hepa-
tocytes after the development and reversal of steatosis. (A) The time course of OCR in the execution of Seahorse XF Cell
Mito Stress Kit protocol using a Seahorse XF HS mini analyzer. (B) Analyzed data from the OCR time course in panel A
showing the mitochondrial basal respiration, spared respiratory capacity, proton leak, ATP production–coupled respiration,
maximal respiration, and nonmitochondrial oxygen consumption in human hepatocytes after the development (7F) and
reversal (7F7L) of steatosis in comparison with their time controls (7L and 4L). (C) Cell viability was measured using a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay of human hepatocytes after the completion of the 4 timelines and
treated with a range of H2O2 for 24 hours. Values were normalized to the level of vehicle controls. (D) The IC50 of H2O2 in
affecting the viability of hepatocytes after the completion of the 4 timelines. Hepatocyte donors: N ¼ 3. For each donor and
each treatment, 3 duplicated cultures were conducted and subjected to Seahorse analysis. For each donor and each treat-
ment, 3 H2O2 concentration arrays were formed, in which each concentration was tested in 8 duplicated wells. Donor-specific
data are shown in Table 4. Data are shown as means ± SD. *P < .05, 2-way analysis of variance, Tukey multiple comparisons.
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between cell borders and later forms into a contiguous
anastomosing network. However, when cultured without an
overlay, canalicular formation varies in rate and extent and
disappears as hepatocytes detach and die in 5–7 days after
plating.52,55 In practice, the top layer of ECM presents a
barrier for hepatocytes to exchange nutrients and signal
molecules and exosomes with the bulk of the culture me-
dium.48 This can be a major challenge when creating phar-
macologically induced models in which drugs and substrates
are administered to hepatocytes, and when studying the
content within secreted exosomes from sandwich-cultured
hepatocytes because the top layer likely interferes with the
diffusion of exosomes. Thus, in this study, we used a method
in which a daily 2% Geltrex supplementation to the culture
medium allowed the hepatocytes to immobilize the soluble
ECM substrate freely without an excessive thick top coating.
This free coating method allowed hepatocytes to be stably
cultured for 2 weeks with consistent production of urea and
albumin, 2 prototypical functional markers of hepatocyte
function (Figure 1D and E). We note that, beyond these 2
markers, the fatty mediummight alter transcriptomic profiles
of the culture hepatocytes and subsequent metabolic activity,
including drug metabolic activity as we recently have
shown.56 Hepatocytes subjected to the free coating method
also showed an in vivo–like organization of the cytoskeleton,
as seen in Figure 2A and C, which was similar to that
described in the previous sandwich-cultured
hepatocytes.48,54,55

Disruptions in the cytoskeletal network have been found
in the altered hepatocyte functions in alcohol-induced liver
disease. The F-actin filament is vital in maintaining the po-
larization of the cell and regulating vesicle dynamics and
trafficking.57,58 Acetaldehyde, which is an ethanol metabo-
lite, covalently modifies the F-actin filament and impairs
actin-regulated attachment between hepatocytes and
ECM.59,60 Meanwhile, the microtubule as a central compo-
nent of cellular dynamics including organelle distribution,
mitosis, and vesicle/exosome motility,61 also is modified
covalently by the acetaldehyde62,63 and shows an impaired
polymerization.64,65 This disruption in cytoskeletons sabo-
tages the trafficking of hepatic proteins66,67 and destabilizes
hepatocyte attachment to ECM.68



Table 4.Donor-Specific Data of Seahorse Analyses Evaluating Mitochondrial Function and Respiration, and IC50 of H2O2
Stress Test in Hepatocytes After Different Treatments

7L 7F 14L 7F7L

Basal respiration
Donor 1 66.93 ± 7.65 100.10 ± 16.26 58.76 ± 6.16 73.79 ± 3.26
Donor 2 69.68 ± 6.32 91.96 ± 13.68 62.77 ± 8.28 77.72 ± 3.76
Donor 3 64.73 ± 8.64 91.423 ± 17.97 56.96 ± 15.41 70.06 ± 16.86

Spare respiration capacity
Donor 1 131.39 ± 13.78 188.78 ± 42.25 138.74 ± 52.23 189.17 ± 52.77
Donor 2 135.58 ± 16.04 151.48 ± 30.36 125.23 ± 31.56 203.99 ± 75.66
Donor 3 158.36 ± 23.71 181.55 ± 53.97 163.00 ± 30.37 250.90 ± 48.41

Proton leak
Donor 1 12.32 ± 0.29 11.74 ± 1.50 10.74 ± 1.27 58.45 ± 24.73
Donor 2 12.00 ± 0.33 13.99 ± 1.83 10.31 ± 0.89 28.02 ± 11.92
Donor 3 15.86 ± 0.57 14.72 ± 1.88 11.60 ± 0.49 16.34 ± 63.20

ATP production–coupled respiration
Donor 1 59.54 ± 10.23 86.62 ± 19.39 44.05 ± 6.37 54.45 ± 26.92
Donor 2 60.32 ± 5.64 79.92 ± 11.92 53.30 ± 17.91 71.74 ± 12.97
Donor 3 62.47 ± 7.54 83.12 ± 22.09 49.76 ± 6.49 40.32 ± 31.62

Maximal respiration
Donor 1 216.35 ± 36.57 261.47 ± 40.17 235.6 ± 24.14 333.66 ± 92.78
Donor 2 209.51 ± 25.26 255.92 ± 32.04 214.78 ± 70.02 300.53 ± 71.63
Donor 3 190.67 ± 7.67 309.50 ± 43.42 188.96 ± 75.34 206.89 ± 124.44

Nonmitochondrial oxygen consumption
Donor 1 40.26 ± 6.37 45.71 ± 4.94 43.84 ± 8.35 36.24 ± 1.69
Donor 2 34.86 ± 3.32 47.75 ± 5.30 33.62 ± 12.02 46.87 ± 11.90
Donor 3 38.96 ± 0.99 45.53 ± 2.21 44.58 ± 6.08 38.75 ± 6.62

H2O2 IC50 value, mmol/L
Donor 1 791 3962 740 583
Donor 2 2428 2388 807 348
Donor 3 653 3198 1524 457

NOTE. Individual donor data for Figure 5. Hepatocytes from 3 donors were each cultured in different experiments. Three
duplicate cultures were subjected to Seahorse experiments, and 3 H2O2 assays were formed for each of the timelines. Data
are shown as means ± SD. Graphical data and statistical analyses are shown in Figure 5.
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Although the role of cytoskeletons in the development of
alcohol-induced liver disease has been well elucidated, to
our knowledge, the alteration of cytoskeletal dynamics in
the development and reversal of NAFLD remained unclear.
In this study, we showed that the accumulation of lipid
droplets displaced and disrupted the cytoskeleton network
in hepatocytes after the development of steatosis. Although
the pathologic mechanism of cytoskeletal disruption is
different from the ethanol-induced acetaldehyde adduction
in alcohol-induced liver disease, such an impairment may
induce similar downstream effects in hepatocytes such as
organelle or vesicle trafficking.

To explore one of the downstream effects of cytoskeleton
disruption, we evaluated the mitochondrial dynamics and
function in fatty hepatocytes. Mitochondrial dynamics are
highly dependent on their interactions with the microtubule
and F-actin cytoskeleton. Mitochondria are translocated
actively in the cell along the microtubule as an adaptive
mechanism in response to changes in energy and meta-
bolism landscape in the cell.29,31,42 Although the microtu-
bule regulates long-range movements of mitochondria, F-
actin coordinates short-range motility of mitochondria,36

anchoring in high-energy-demanding sites,37 and dynamics
of fusion/fission.39–41
In this study, the microtubule and F-actin cytoskeletons
in hepatocytes were displaced by lipid droplets after the
development of steatosis (7F) (Figure 2A and C). This
displacement in cytoskeletons overlapped with an altered
distribution of mitochondria (7F) (Figure 3A). After a 7-day
culture in the fatty medium, no prompt changes were seen
in mitochondrial dynamics regarding morphology (7F)
(Figure 3A) and expression of OPA1 and MFF (Figure 3D
and E). However, increases in basal mitochondrial respira-
tion, spare respiration capacity, and maximum respiration
were observed in the 7F hepatocytes (Figure 5B). This
increment indicated an adaptation of mitochondrial function
to higher metabolic demand during excessive lipid accu-
mulation. This adaptation also manifested itself as an
increased resistance to ROS-induced stress and promoted
the survival of hepatocytes treated with H2O2 (Figure 5C
and D). This observation is in line with reports on the in-
crease of fatty acid oxidation and respiratory functions in
mitochondria from human biopsy specimens,18,19,69 and
in vivo models at early stages of NAFLD,70,71 such as stea-
tosis and the onset of NASH. The acquired ability of mito-
chondria sustains a hyperactivated metabolic activity that
promotes ROS production, which is a key mechanism that
contributes to a subsequent defect in lipid metabolism,
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activation of mitophagy, and inflammatory pathway in the
transition to late-stage NAFLD.18,72

A part of our team previously showed an increased
sensitivity to hypoxia/reoxygenation stress in hepatocytes
after reversal from steatosis, in comparison with a lean
culture. The reversal from steatosis improved the ATP
production and glutathione disulfide/reduced glutathione
ratio compared with their impaired condition in steatotic
hepatocytes. Still, neither ATP production nor the gluta-
thione disulfide/reduced glutathione ratio recovered to the
levels in the lean control.26,73 The underlying mechanism of
this insufficient recovery was unclear. In the current study,
we observed that the expression level of a-tubulin was
reduced in a consistent manner among all 3 donors of he-
patocytes upon reversal of steatosis (7F7L) (Figure 2E and
F). This variation in the expression level of a-tubulin in-
dicates a-tubulin may not be an ideal housekeeping protein
for use in Western blots with samples related to fatty livers.
We note that the distribution of a-tubulin (Figure 2D) and
the protein expression levels (Figure 2F) are not correlated
in terms of the group-wise comparisons. This is because the
distribution (ie, area coverage) is highly affected by the
crowding from accumulating lipids whereas the expression
levels need not be affected by such crowding. This was well
observed by the fact that the 7F7L group has a higher a-
tubulin area fraction, upon the removal of crowding lipids,
than the 7F group (Figure 2D), despite a much lower
expression (Figure 2F). Notably, the 7F7L group shows a
lower intensity than 7F in a-tubulin (Figure 2C), which
correlate well with the expression levels as expected
because staining intensity is a proxy measure for expression
levels. Nevertheless, quantification and comparisons based
on intensity were technically prohibitive, hence Western
blot was conducted as a reliable and quantitative measure of
protein expression levels.

The reduction in microtubule expression was associated
with increased mitochondrial branch length (7F7L)
(Figure 3A and C), indicating that mitochondrial fusion is
predominant in hepatocytes upon reversal of steatosis. The
mitochondrial fusion marker OPA1 was increased in hepa-
tocytes upon reversal of steatosis compared with their time
controls when we examined each hepatocyte donor indi-
vidually (Figure 3E). However, because of high donor het-
erogeneity of the relative expression of OPA1 normalized by
TOMM20, the difference in OPA1 expression between the
14L and 7F7L groups failed to produce significance when
results from different donors were pooled. Similar hetero-
geneity was noted as we studied the expression level of
MFF, however, we did find significant reduction of MFF
expression in reversed 7F7L hepatocytes compared with the
7L control group, indicating reduced fission capability. The
altered mitochondrial morphology (ie, increased branch
length) was correlated with increased mitochondrial proton
leak (Figure 5B) and susceptibility to ROS-induced damage
in reversed 7F7L hepatocytes (Figure 5C and D). An
increased ROS level and susceptibility to ROS-induced
damage also were observed in NAFLD/NASH patients,74,75

which also was attributed to an impairment in mitochon-
drial respiratory capacity and exacerbated proton leak.18,76
In addition, we performed a dose optimization study of
OXPHOS stressors (oligomycin, FCCP, and Rot/AA) in pri-
mary human hepatocytes. The mitochondrial bioenergetic
profile and resistance to OXPHOS stressors are distinct in
various cell types, such as leukocytes,77 HepaRG,78 and cell
lines.79–81 The effective doses can differ significantly from
those recommended by the manufacturer of mitochondrial
stress tests. In this aspect, our optimized results showed that
substantially higher doses of the OXPHOS stressors are
required to achieve the full effect of such stressors in primary
human hepatocytes. We posit that this is likely owing to the
high mitochondria content in hepatocytes (2000–4000 per
cell),82,83 in comparison with some other energy-intensive
cells such as macrophages up to 700 mitochondria per cell
and skeletal muscle cells 140 per cell.84 We hope that the
optimized doses for the OXPHOS stressors, commonly used in
metabolic analyses on the Seahorse platforms (Agilent
Technology, Cedar Creek, TX) and others, may serve as a
reference for the scientific community who are studying
mitochondrial function in primary human hepatocytes. We
are not aware of any previously published dose optimization
in primary human hepatocytes.

There were several limitations to this reported study.
First, the results presented are from 3 human biological
donors, and thus are primarily representative of these do-
nors. To generalize to all human hepatocytes (ie, the general
population) a larger cohort study is in order. Still, we posit
that this small cohort can serve as a pilot study, not to
answer a particular question but to put forth the right
question to ask for further large cohort and in vivo studies.

The short time course for in vitro experiments is another
limitation in which we maintained human primary hepato-
cyte cultures for only 2 weeks whereas NAFLD in human
beings takes months to years to develop. Still, our model
shows that the damage resulting from lipid accumulation
(steatosis) can be observed in an accelerated time frame, 1
week, in vitro compared with the time it takes for a liver to
reach a similar level of injury. We thus posit that our simple
in vitro model serves as a good framework to study mito-
chondrial damage resulting from steatosis and its reversal
by the withdrawal of the same conditions within the same
time frame (1 week). In this regard, we note that the hepatic
mitochondria have a considerably faster turnover half-life
(2–4 days) in comparison with many other tissues in vivo
with mitochondrial half-lives on the order of weeks.85,86

Despite multiple turnover cycles—2 or more within 1
week—for mitochondria to be recovered, we still observed
several persistent changes in mitochondrial dynamics dur-
ing the time frame of our studies. Nevertheless, we cannot
conclude that the mitochondria function or morphology,
after the reversal of steatosis, will not further ameliorate or
exacerbate beyond the time course of our in vitro study.
Furthermore, we note that our results also might indicate
that the cytoskeletal disruption, especially in the microtu-
bule network, might have delayed or impaired the mito-
chondrial turnover process (ie, mitochondrial biogenesis).
This interpretation is supported by the significant involve-
ment of microtubules in the fusion and fission processes
that drive the mitochondrial biogenesis.87,88



Table 5.Donor Information of Human Hepatocytes Used in
the Study

Donor 1 Donor 2 Donor 3

Gender Male Male Female

Age, y 36 52 47

Body mass index 38.4 27.6 46.9

Cause of death Head trauma Anoxia Anoxia

Warm ischemia time
after cardiac
death, min

19 29 17
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Despite the limitations, this study showed a mechanism
of hepatocyte injury during their recovery from steatosis,
which is owing to cytoskeleton and mitochondrial impair-
ment associated with hyperactive lipid metabolism and ROS.
Whether such impairment exists and also persists in NAFLD
patients as their liver recovers requires in vivo animal and
human studies. Indeed, follow-up in vivo studies to inves-
tigate the level at which simple steatosis results in irre-
versible changes and impair full recovery is in order and
will be performed in the future.

Overall, we developed a long-term culture method of
human hepatocytes to maintain in vivo–like cytoskeleton
and metabolism characteristics and used this model in
generating an in vitro steatosis model to study the alteration
of cytoskeletal and mitochondrial dynamics in the devel-
opment and reversal of steatosis. We found that in 7 days
after the induction of steatosis, the formation of bile canal-
iculi by F-actin was disrupted and the intracellular micro-
tubule network was displaced by lipid droplets. This change
in cytoskeletal morphology upon steatosis was accompanied
by mitochondrial adaptations indicated by increased basal
and maximum capacity of respiration, and resistance to
H2O2-induced cell damage. These initial adaptive responses
to oxidative insults in the early phases of lipid accumulation
also have been reported by others.89–91 After a 7-day
reversal of steatosis by withdrawing the FFA supplement,
the F-actin formation of bile canaliculi was restored, but
there was a reduction in the protein expression of the
microtubule subunit a-tubulin. This reduction of microtu-
bule was accompanied by elongation of mitochondrial
branches, exacerbated proton leaks across the mitochon-
drial membrane, and increased susceptibility to H2O2-
induced cell death. Our study showed that the alterations in
cytoskeleton and adaptation of mitochondria are among the
underlying mechanisms in the pathology and changed he-
patic functions in NAFLD. However, most importantly, such
changes can persist and continuously contribute to the
predisposition of liver tissue to oxidative stress and liver
injury even when steatosis morphology is reversed
morphologically by gross measures. In future studies, we
will further investigate the downstream effect of cytoskel-
etal and mitochondrial impairment in hepatocytes under
steatosis and reversed steatosis, especially regarding the
transportation and metabolism of xenobiotics that are
highly dependent on a functional cytoskeletal and mito-
chondrial network.
Materials and Methods
Primary Human Hepatocyte Culture

Primary human hepatocytes were purchased from the Cell
Resource Core of the Massachusetts General Hospital. Hepa-
tocytes were isolated from livers after the cardiac death of 3
donors and cryopreserved. Donor information including
gender, age, body mass index, cause of death, and warm
ischemia time after cardiac death were provided by the Cell
Resource Core and are shown in Table 5. Cryopreserved he-
patocytes were thawed in a 37�C water bath and recovered in
45% Percoll density gradient medium (17089109; Cytiva,
Marlborough, MA) in Dulbecco’s modified Eagle medium, fol-
lowed by centrifugation at 100� g for 10minutes. Pelletswere
resuspended in William’s Medium E supplied with 10% fetal
bovine serum, 0.5 U/mL insulin, 7 ng/mL glucagon, 20 ng/mL
epidermal growth factor, 7.5 ug/mLhydrocortisone, 200U/mL
penicillin, and 200 mg/mL streptomycin. Hepatocytes were
seeded into 12-, 24-, or 96-well plates precoated with 1%
Geltrex (A1413202; Thermo Fisher Scientific,Waltham,MA) at
densities of 800,000, 400,000, or 40,000 cells per well,
respectively. Allowing 40minutes for the hepatocytes to attach,
the medium was replaced with hepatocyte basal medium
(CC3199; Lonza, Portsmouth, NH) supplemented with hepa-
tocyte growth factor supplement (CC4182; Lonza) and 2%
Geltrex. In 24 hours, the hepatocyteswere ready and subjected
to 4 different experimental timelines as described later.

Steatosis Induction and Reversal
The timelines of induction and reversal of steatosis in

human hepatocytes are shown in Figure 1A. The lean me-
dium was formulated using the hepatocyte basal medium
(Lonza) supplied with hepatocyte growth factors (Lonza)
and the corresponding volume of the dimethyl sulfoxide
vehicle. Hepatocytes cultured in the lean medium (without
FFA) were assigned as 7L and 14L, corresponding to culture
time. Steatosis was induced by culturing hepatocytes in a
fatty medium, which was based on the lean medium with a
supplement of 800 mmol/L oleic acid (unsaturated fatty
acid, O1383; Sigma-Aldrich), and 400 mmol/L palmitic acid
(saturated fatty acid, F0500; Sigma-Aldrich) that were pre-
dissolved in dimethyl sulfoxide. Hepatocytes treated with
the fatty medium for 7 days were assigned as 7F groups in
the 7L group. To reverse steatosis, the culture medium was
switched to the lean medium for another 7 days after the
completion of the treatment of 7 days of the fatty medium,
and thus assigned as the 7F7L group and subjected to
comparison with the 14L group. Both the lean and fatty
medium were supplied with 2% Geltrex.

Measurement of Urea and Albumin
Concentrations in the Culture Medium

The culture medium was collected daily and subjected to
the measurement of urea and albumin concentration. The
measurement of urea was conducted using a colorimetric
diacetyl monoxime assay (157421; Stanbio Laboratories,
Boerne, TX), the assay was prepared in accord with the



Table 6.Experiment Design for Titration and Dose Optimization of Oligomycin, FCCP, and Rot/AA in Human Hepatocytes to
Evaluate Mitochondrial Functions and Respiration

Drug

Step
concentration

(10�)

Injection port loading

Final concentrationA, 20 mL B, 22 mL C, 25 mL D, 27 mL

Oligomycin 20 mmol/L þ þ þ þ 2 þ 2 þ 2 þ 2 ¼ 8 mmol/L
40 mmol/L þ þ þ þ 4 þ 4 þ 4 þ 4 ¼ 16 mmol/L
60 mmol/L þ þ þ þ 6 þ 6 þ 6 þ 6 ¼ 24 mmol/L

FCCP 10 mmol/L 200 mmol/L Oligo (10�)a þ þ þ 1 þ 1 þ 1 ¼ 3 mmol/L
20 mmol/L 200 mmol/L Oligo (10�)a þ þ þ 2 þ 2 þ 2 ¼ 6 mmol/L
40 mmol/L 200 mmol/L Oligo (10�)a þ þ þ 4 þ 4 þ 4 ¼ 12 mmol/L

Rot/AA 10 mmol/L 200 mmol/L Oligo (10�)a 80 mmol/L FCCP (10�)a þ þ 1 þ 1 ¼ 2 mmol/L
20 mmol/L 200 mmol/L Oligo (10�)a 80 mmol/L FCCP (10�)a þ þ 2 þ 2 ¼ 4 mmol/L
30 mmol/L 200 mmol/L Oligo (10�)a 80 mmol/L FCCP (10�)a þ þ 3 þ 3 ¼ 6 mmol/L

NOTE. In the Step concentration column, the number indicates the concentration of 10� stock solution that loaded to the
injection port. In the Final concentration column, the number indicates the concentration of the drug in the well after the drug
was injected from the port into the well, and cumulatively as steps of injections occurred.
aOptimized dose based on the titration result before the testing of the subject drug.

2023 Hepatic Alterations in Steatosis and its Reversal 257
manufacturer’s protocol, and the measurement was per-
formed using a plate reader by reading absorbance at 520
nm. The human albumin content in the medium was
measured using a Human Albumin Enzyme-Linked Immu-
nosorbent Assay kit (EHALBX5; Thermo Fisher Scientific).
The culture medium was diluted 1000 times using the assay
diluent to be within the range of the standard curve and the
assay was prepared according to the manufacturer’s in-
structions, and the measurement was performed using a
plate reader by reading absorbance at 450 nm.

Staining of Lipid, Cytoskeleton, and Mitochondria
in Immunocytochemistry

Hepatocytes were washed with phosphate-buffered sa-
line, incubated with BODIPY (2 mmol/L, D3922; Thermo
Fisher Scientific) at 37�C for 15 minutes, then processed for
further fixation and staining. Hepatocytes were washed with
phosphate-buffered saline and fixed using 4% formaldehyde
solution (WC324416; Thermo Fisher Scientific), per-
meabilized using 0.25% Triton X-100 (SLCC5539; Sigma-
Aldrich, St. Louis, MO), and incubated with 1% bovine
serum albumin to block unspecific staining. Subsequently,
hepatocytes were incubated with Phalloidins (1:400,
A12381; Thermo Fisher Scientific) to stain F-actins, primary
antibodies targeting a-tubulin (1:500, ab190573; Abcam,
Cambridge, MA), or TOMM20 targeting mitochondria (1:500,
ab283317; Abcam). After washing with phosphate-buffered
saline, hepatocytes were incubated with corresponding sec-
ondary antibodies with Alexa Flour 594 or 647 fluorescence
(Abcam) and mounted in an antifade mountant with DAPI
(P36931; Thermo Scientific). Images were captured using a
Nikon A1R confocal microscope (Nikon, Melville, NY).

Image Quantitation
Images were converted to 8-bit RGB (red, green and

blue) images and quantitated using NIS-Element D4.6 soft-
ware (Nikon). To determine the number and size of lipid
droplets in hepatocytes, objects in the green channel were
thresholded for intensity (low, 20; high, 255) and circularity
(low, 0.2; high, 1). The selected patterns were measured for
their size in mm2 and counted for number per field. The
number of F-actin–stained bile canaliculi was determined by
thresholding for intensity (low, 55; high, 255) and size of
patterns (low diameter, 1 mm; high, 10 mm) in the red
channel; the quantitation is presented as the number of F-
actin–positive bile canaliculi per field. To quantitate the
formation of microtubules and the distribution of mito-
chondria, patterns were thresholded for intensity (micro-
tubule: low, 30; high, 255; mitochondria: low, 20; high, 255).
The fluorescent area was measured as the selected area
fraction of the whole field to quantitate microtubule density
or within the 1000-mm2 area of a nucleus to quantitate the
perinucleus distribution of mitochondria. The mitochondrial
branch length was measured using Fiji: ImageJ (National
Institutes of Health) plugin MiNA - Mitochondrial Network
Analysis (https://imagej.net/plugins/mina).
Western Blot
Hepatocytes were lysed using TRI reagent (T9424; Mil-

lipore Sigma, Burlington, MA). After centrifugation at
9000 � g for 15 minutes at 4�C, the supernatant was
collected and samples were normalized for protein con-
centration. The proteins were electrophoresed on an sodium
dodecyl sulfate–polyacrylamide gel, and then transferred to
a nitrocellulose membrane using a Trans-Blot Turbo
Transfer System (Bio-Rad, Hercules, CA). The membrane
was blocked with 3% skim milk and then incubated with
primary antibodies against pan-actin (1:500, ab1801;
Abcam), a-tubulin (1:1000, ab52866; Abcam), OPA1 (1:500,
ab157457; Abcam), MFF (1:4000, 17090-1-AP; Thermo
Scientific), TOMM20 (1:4000, ab186735; Abcam), and
GAPDH (1:4000, ab9485; Abcam). The membrane was
probed with IRDye 800CW or IRDye 680RD secondary an-
tibodies (LI-COR Biotechnology, Lincoln, NE), and then
imaged and analyzed with the Odyssey DLx imaging system
(LI-COR Biotechnology). The relative expression to GAPDH

https://imagej.net/plugins/mina
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or TOMM20 was calculated for each protein and normalized
to the value of control in each individual experiment.
Titration of Oligomycin, FCCP, and Rot/AA in
Human Hepatocytes

The study was performed on the Seahorse XF HS mini
Analyzer (Agilent Technology, Cedar Creek, TX). In our
initial experiment using the Seahorse XFp Cell Mito Stress
Test Kit (103010-100; Agilent Technology), the doses rec-
ommended by the manufacturer were not enough to induce
the full effect of the drugs. Thus, we performed a titration
experiment of all 3 drugs to optimize doses to study mito-
chondrial functions and respiration. Hepatocytes were
seeded in the miniplate (103025-100; Agilent Technology)
wells B–G (wells A and H were left as blank controls) at a
density of 40,000 cells per well and were cultured in a
regular (lean) medium for 7 days before the titration study.
The 4 injection ports were loaded with each of 3 drugs of
the step concentration indicated in Table 6 in a hydrated
cartridge. The titration protocol was performed and con-
sisted of an equilibration period, a basal OCR measurement
with 3 cycles and 6-minute intervals, and 4 OCR measure-
ments after an injection each with 3 cycles and 6-minute
intervals. The final accumulative concentration was chosen
as the optimized dose of the drug when the curve reached a
plateau phase and was used in the following studies.
Measurement of Mitochondrial Functions and
Respiration

Hepatocytes were seeded at a density of 40,000 cells per
well in wells B–G on the miniplates, and wells A and H were
left as blank controls. A side-by-side comparison was made
between 7L vs 7F or 14L vs 7F7L in triplicate on the same
miniplate. After the completion of their corresponding
timelines, hepatocytes were cultured in XF Dulbecco’s
modified Eagle medium (103575-100; Agilent Technology)
supplied with 10 mmol/L glucose (103577-100; Agilent
Technology), 1 mmol/L pyruvate (103578-100; Agilent
Technology), and 2 mmol/L L-glutamine (103579-100;
Agilent Technology) for 1 hour in a non-CO2 37�C incubator.
Solutions (10�) were made for oligomycin (200 mmol/L),
FCCP (80 mmol/L), and Rot/AA (50 mmol/L) as optimized
final concentrations based on the earlier titration experi-
ment and loaded to injection ports A–C on a hydrated car-
tridge. Subsequently, the XFp Cell Mito Stress Test protocol
was executed on the Seahorse XF HS mini Analyzer. The
protocol consisted of an equilibration period, basal OCR
measurement (3 cycles, 6-minute interval), and 3 OCR
measurements after drug injections each with 3 cycles and
6-minute intervals.
In Vitro H2O2 Dose-Response Assay and Viability
Hepatocytes were seeded on 96-well plates at a density

of 40,000 cells per well. After the completion of their cor-
responding timelines, hepatocytes were cultured in a regu-
lar (lean) medium supplied with H2O2 of a range of
concentrations of 0, 50, 100, 500, 1000, 5000, 10,000, and
50,000 mmol/L and cultured for 24 hours. Subsequently,
hepatocytes were subjected to viability measurements using
a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide assay (V13154; Invitrogen) in accord with the manu-
facturer’s instructions, measurement was performed using a
plate reader for absorbance at 570 nm.
Statistical Analysis
Data are presented as means ± SD (unless indicated

otherwise) in Tables 1–4 in a donor-specific fashion and
collectively in Figures. A 2-way, repeated-measure analysis
of variance followed by Tukey multiple comparisons to test
the difference among groups subjected to different treat-
ment (lean vs fatty) and for a different length of time (7 vs
14 days). A P value less than .05 was considered an indi-
cation of statistical significance. Statistical analyses were
performed using GraphPad Prism (GraphPad Software,
www.graphpad.com). All authors had access to the study
data and reviewed and approved the final manuscript.
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