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Abstract

Conventional (2D) cell culture models do not 
accurately reflect the complex microenvironment of 
liver tissue, and pre-clinical animal trials are often 
inadequate due to species-specific variation in 
hepatocellular functions.  3D bioprinted human liver 
tissues better approximate human tissue 
composition and physiology, and therefore enable 
the assessment of drug-induced liver injury (DILI) 
and related mechanisms at the tissue level, including 
biochemical and histologic outcomes.  In this study, 
we assessed the DILI response to Valproic Acid (VPA), 
a compound known to induce steatosis in humans, in 
3D-bioprinted human liver tissue mimetics 
comprised of primary hepatocytes, hepatic stellate 
cells, and endothelial cells.  3D-bioprinted human 
liver tissues (exVive3D, Organovo, San Diego CA), 
were treated daily for 14 days with VPA, which 
resulted in dose-dependent decreases in tissue 
health as assessed by ATP, GSH, and histology.  Tissue 
ATP levels were decreased 70% and 45% relative to 
vehicle following 14 day treatment with 1mM and 
5mM VPA, respectively.  Following the observations 
seen with ATP levels, the higher doses of 200µm, 
1mM, and 5mM were selected to further evaluate 
the mechanism of observed tissue damage.  GSH 
levels were measured at 24hr and 72hr to determine 
the acute oxidative stress response.  A significant 
decrease in the ratio of reduced to oxidized GSH was 
observed at 24hr treatment, indicating increased 
oxidative stress. Recovery of GSH ratios was noted 
with 200µm and 1mM treatment groups at 72hr, 
while the 5mM treatment group exhibited prolonged 
oxidative stress.  Histological evaluation of tissues 
revealed dose-dependent damage with abundant 
vacuolization in 5mM VPA treated tissues, consistent 
with a steatotic phenotype.  Collectively, these data 
suggest exVive3D human liver tissues can be used to 
investigate the mechanisms of DILI in vitro, as 
evidenced by the expected results seen in both 
biochemical and histologic endpoints following 
treatment with VPA. 

Summary 
exVive3D Liver tissues effectively model 
multiple modes of VPA-induced liver injury: 

Viability and Hepatocyte Health
• exVive3D Liver tissue viability decreased 

dose-dependently with sub Cmax doses 
having no effect, while 4 and 20x Cmax
significantly decreased tissue viability. 

• Albumin production also diminished dose 
dependently. 14 day treatment resulted in 
significant decreases in concentrations well 
below Cmax. 

• These data suggest loss of hepatocyte 
function (albumin production) precedes 
significant loss of tissue viability.

Ammonia Production
• exVive3D Liver tissues demonstrated dose 

dependent increases in ammonia 
production.

• 14 day treatment resulted in significantly 
increased production compared to 7 day.

• These data are consistent with increased 
ammonia production associated with clinical 
exposure to VPA.

Oxidative Stress
• exVive3D Liver tissues had increased 

expression of GSH related GCLC. 
• Ratios of GSH and GSSG production 

decreased following VPA treatment. 
• Taken together these data suggest that the 

tissues are in a state of oxidative stress, a 
known mechanism of liver injury following 
VPA treatment.

Histopathologic Damage Associated with 
Chronic Valproic Acid Treatment
• exVive3D Liver tissues treated with 200uM 

VPA have decreased desmin+ cells with 
increased trichrome staining, consistent 
with a fibrotic phenotype.

• Tissues treated with higher doses of VPA 
(1mM and 5mM) have apparent dissociation 
of tissue mass via loss of cell-cell junctions.

• H&E and perilipin staining of exVive3D Liver 
tissues following 14 day treatment reveal 
histology consistent with microvesicular 
(lower doses) and macrovesicular (higher 
doses) steatosis.
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Figure 2: exVive3D Human Liver tissues 
effectively model dose-dependent VPA 
induced liver injury. exVive3D human 
liver tissues were treated with vehicle or 
VPA daily for up to 14 days. Viability was 
assessed by ATP measured in tissue 
homogenates (Promega, Cell Titer GloTM) 
following 7 (A) and 14 days (B) of 
treatment. Decreased tissue viability was 
observed after 7 days of treatment with 
the higher doses of VPA and persisted in 
tissues treated for 14 days. Hepatocyte 
health was assessed by measuring 
albumin (C) in supernatants (Bethyl, Inc.) 
following 7 or 14 days of treatment. 
Albumin production decreased dose and 
time dependently with significant 
decreases in tissues treated with sub Cmax
doses for 14 days. Data shown is the 
mean +/- standard deviation for at least 
14 independent tissue replicates.
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Figure 1: (Left) Representative image of single
exVive3D human liver tissue, measuring 2.5 x 2.5mm,
with a 0.5mm thickness. Representative images of
H&E section (Right) showing distinct zones of non-
parenchymal (N) and parenchymal (P) cells.

Figure 4: exVive3D Human Liver tissues model oxidative stress leading to tissue 
damage. A) exVive3D Human Liver tissues treated with VPA have increased GCLC
(glutamate-cysteine ligase, catalytic subunit) expression, the enzyme responsible for 
glutathione synthesis, as early as 24hrs after 5mM treatment. B) GSH levels measured 
in tissue homogenate (GSH/GSSG-gloTM) also indicate tissues are under oxidative 
stress following 24hr treatment. Oxidative stress persists following 3 days of 
treatment in tissues treated with 5mM VPA, with partial recovery at lower doses. Data 
shown is the mean +/- standard deviation for 3 independent tissue replicates.
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Figure 3: exVive3D Human Liver 
tissues effectively demonstrate 
VPA stimulated ammonia 
production. Increased ammonia 
production was consistent with 
hyperammonemia which is 
associated with clinical exposure 
to VPA. Dose and time dependent 
increases in ammonia production 
were observed. Data shown is the 
mean +/- standard deviation for at 
least 4 independent tissue 
replicates.

H&EPerilipin Figure 5: exVive3D Human Liver tissues model the histopathologic 
damage associated with chronic VPA treatment. The presence of 
desmin+ stellate cells (green) decreased with increasing concentrations 
of VPA, suggesting loss and/or activation of stellate cells. Perilipin 
staining of lipid (brown indicated by arrows) within the tissues 
increased with increasing VPA concentration consistent with a steatotic 
phenotype. Immunodetection of perilipin+ cells was most notable in 
1mM (4x Cmax) VPA treated tissues, localized to the margins of large 
vacuoles. This steatotic phenotype (indicated by arrows) is further 
evidenced in the H&E images which show dose-dependent damage 
with abundant vacuolization in 5mM VPA treated tissues. In parallel 
with the observed decrease in desmin+ stellate cells, increased 
collagen deposition was evident with Gomori's Trichrome, in the 
200uM treated tissues, consistent with the development of fibrosis. 
Higher doses of VPA resulted in dissociation of cells, apparent as 
individualized cells with little to no intercellular junctions, and cell 
death. 
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Safe Harbor Statement

Any statements contained in this report and presentations that do not describe historical facts may constitute forward-
looking statements as that term is defined in the Private Securities Litigation Reform Act of 1995. Any forward-looking
statements contained herein are based on current expectations, but are subject to a number of risks and uncertainties.
The factors that could cause actual future results to differ materially from current expectations include, but are not
limited to, risks and uncertainties relating to the Company’s ability to develop, market and sell products based on its
technology; the expected benefits and efficacy of the Company’s products and technology; the timing of commercial
launch and the market acceptance and potential for the Company’s products, and the risks related to the Company’s
business, research, product development, regulatory approval, marketing and distribution plans and strategies. These
and other factors are identified and described in more detail in the Company’s filings with the SEC, including its
prospectus supplement filed with the SEC on November 27, 2013, its report on Form 10-Q filed February 6, 2014 and
its transition report on Form 10-KT filed with the SEC on May 24, 2013 and our other filings with the Securities and
Exchange Commission. You should not place undue reliance on these forward-looking statements, which speak only as
of the date of this Current Report. These cautionary statements should be considered with any written or oral forward-
looking statements that we may issue in the future. Except as required by applicable law, including the securities laws
of the United States, we do not intend to update any of the forward-looking statements to conform these statements
to reflect actual results, later events or circumstances or to reflect the occurrence of unanticipated events.

SOURCE Organovo Holdings, Inc.
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