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We analyzed hepatotoxicity of three drugs: acetaminophen, metformin, and isoniazid. Spher-
oids of differentiated HepaRG cells cultured under microfluidic conditions were used as the 
model. Acute toxicity of substances was assessed by analyzing cell viability, while lactate 
concentration in the culture medium was used as the potential marker for evaluation of chronic 
exposure and non-lethal side effects of xenobiotics. The results were compared with mito-
chondrial activity and DNA fragmentation data. The efficiency and possibility of applying the 
integrated approach for assessment of drug hepatotoxicity are discussed.
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Drug-induced liver injury is the most common cause 
of liver dysfunction and the main cause for drug with-
drawal from clinical trials and from the market.

Hepatotoxicity can be caused by both original 
drugs and their metabolites and induces cell death via 
necrosis or apoptosis. The most common approaches 
for analysis of cytotoxicity are MTT (evaluation of 
mitochondrial activity) and neutral red staining (evalu-
ation of lysosome activity). However, cell viability is 
the late indicator of toxicity, and these methods only 
make possible evaluation of acute toxicity of the sub-
stance and cannot be applied for the studies of chronic 
exposure to xenobiotics and non-lethal side effects [7].

Apoptosis can be triggered by DNA breaks and 
leads to DNA fragmentation accompanied by the for-
mation of free 3’-hydroxyl groups. TUNEL method 
makes possible tagging formed gaps and therefore is 
suitable for estimation of the functional status of cells 
and genotoxic effects of xenobiotic.

Changes in structural, biochemical, and metabolic 
components occur prior to cell death and can lead to 
severe functional impairment without affecting cell 
viability. Thus, along with viability evaluation, other 

markers of hepatotoxicity should be analyzed, e.g. 
lactate production during anaerobic metabolism of 
glucose. Accumulation of this metabolite as a result 
of glycolysis may be indicative of hypoxia, oxidative 
stress, and mitochondrial dysfunction [2]. Moreover, 
lactate biosensor enables real-time measurement of 
this parameter [10,12].

The purpose of this study was to develop a com-
plex approach to the analysis of hepatotoxicity of xe-
nobiotics (acetaminophen, metformin and isoniazid) 
based on the use of differentiated HepaRG cell spher-
oids cultured in microfluidic system as the model of 
the liver.

MATERIALS AND METHODS

HepaRG cells were cultured in William’s E medium 
supplemented with L-glutamine (Gibco), 10% fe-
tal calf serum (HyClone), 5 μg/ml of recombinant 
human insulin (Gibco), 5×10–5 M hydrocortisone 
hemisuccinate (Sigma), and 1% penicillin/streptomy-
cin (Gibco) in a CO2 incubator (37oC; 95% air, 5% 
CO2; relative humidity 98%). Upon reaching conflu-
ent monolayer, 2% DMSO was added to the culture 
medium in order to induce differentiation. In 14 days 
after induction of differentiation, the spheroids con-
sisting of 5000 cells were formed as described else-
where [15]. The obtained spheroids were cultured in 
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a microbioreactor with recirculating nutrient medium 
(BioClinicum) [11].

Incubation with xenobiotics (acetaminophen, met-
formin, and isoniazid; Sigma) was carried out for 48 h 
in serum-free nutrient medium: William’s E medium 
(Gibco), 2 mM L-glutamine (Gibco), 1 mg/ml human 
blood serum albumin (Sigma), a nutritional supple-
ment consisting of insulin, transferring, and selenium 
(5.5 mg/ml insulin, Gibco), non-essential amino ac-
ids (Gibco), 50 μM of hydrocortisone hemisuccinate 
(Sigma), and 1% penicillin/streptomycin (Gibco).

Cell viability was estimated by conversion of 
soluble yellow 3-(4,5-dimethylthiazol-2-yl)-2,5-tet-
razolium bromide (MTT) into purple-blue insoluble 
intracellular crystals of MTT-formazan by live cells 
as previously described [2]. Spheroids were incubated 
with 5 mg/ml MTT for 2 h in a CO2-incubator. Forma-
zan crystals were dissolved in DMSO for 20 min on 
a shaker in darkness. Optical density was measured at 
530 nm. Cell viability was calculated as the ratio of 
optical densities of experimental to control sample and 
expressed in percents.

DNA breaks were detected by TUNEL cytofluo-
rometry using Click-iT Plus TUNEL Assay (Life Tech-
nologies) according to manufacturer’s protocol.

Lactate concentration in the culture medum sam-
ples was measured spectrophotometrically using Lac-
tate Dry-fast test-system (Sentinel Diagnostics) ac-
cording to manufacturer’s protocol with minor modi-
fications.

The data were statistically analyzed using non-
parametric Mann–Whitney U test. The differences 
were significant at p<0.05.

RESULTS

Apoptosis is accompanied by DNA fragmentation 
leading to the formation of free 3’-hydroxyl groups. 
TUNEL method makes possible tagging the formed 
gaps. After culturing of HepaRG spheroids with acet-
aminophen for 48 h in the microbioreactor, the geno-
toxic effect (detected by green fluorescence of Alexa 
Fluor 488 dye) appeared at a concentration of 1 mM 
(Fig 1). Increasing the xenobiotic concentration led 
to acceleration of deoxyuridine triphosphate incor-
poration into DNA (fluorescence intensity) in treated 
spheroids, and the number of apoptotic cells increased. 
Acetaminophen is a classical true direct hepatotoxin 
producing a predictable dose-dependent effect [8]. IC50 
value according to MTT-test was 14.9±1.2 mM. Thus, 
the results obtained on HepaRG spheroids are consis-
tent with the available data.

Enhanced glycolytic production of lactate is 
caused by hypoxia and oxidative stress. Therefore, 
elevated concentration of this metabolite in the me-

Fig. 1. Cytofluorometric analysis of DNA damage in HepaRG spher-
oids after 48-h culturing in the absence (0) and presence of 1, 2, 5, 
10, 20, 40 mM acetaminophen. TUNEL analysis.

Fig. 2. Cytofluorometry of DNA damage in HepaRG spheroids after 
48-h culturing in the absence (0) and presence of 2, 5, 10, 20 mM 
metformin. TUNEL analysis.

Fig. 3. Cytofluorometry of DNA damage in HepaRG spheroids after 
cafter 48-h culturing in the absence (0) and presence of 10, 16, 25, 
40, 63, 100 mM of isoniazid. TUNEL analysis.

dium is a marker of impaired energy metabolism in 
hepatocytes [5]. Low non-lethal acetaminophen con-
centrations (1 mM) led to an increase in lactate con-
centration in the culture medium. Increasing drug con-
centration was followed by gradual decrease in lactate 
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production; at concentrations >5 mM lactate content 
dropped below the basal level due to significant cell 
loss in the spheroid. Thus, mitochondrial damage leas-
ing to glycolysis activation and enhanced lactate pro-
duction can be detected at non-lethal concentrations of 
the xenobiotic. The use of lower concentrations also 
makes possible investigation of drug toxicity in case of 
repeated exposure and assessment of the reversibility 
of the observed effects [3].

In clinical practice, metformin is used as the anti-
diabetic drug. The mechanisms underlying the effects 
of metformin are not fully understood. It is known 
that metformin reduces blood glucose concentration 
by inhibiting gluconeogenesis in the liver. The drug is 
not metabolized in the liver. When HepaRG spheroids 
were incubated with metformin, fluorescence was ob-
served at a concentration of 5 mM (Fig. 2). When its 
concentration was elevated to 10 mM, fluorescence in-
tensity remained practically unchanged. IC50 value was 
26.0±1.1 mM. At metformin concentration <10 mM, 
lactate production in the culture medium increased, 
and at higher concentrations it decreased, as in case 
of acetaminophen. Thus, the drug exhibits low toxic-
ity against HepaRG cells in the structure of spheroids. 
Metformin is the only safe drug of the biguanide family. 
In the entire history of its application, only 20 cases of 
hepatotoxicity were described, which might be idiosyn-
cratic or caused by interaction with other drugs.

Isoniazid is one of the main anti-tuberculosis 
drugs, but its use is associated with severe hepatotox-
icity. Hydrazide, a product of isoniazid metabolism 
in the liver, plays an important role in the mechanism 
of its toxicity [1]. When HepaRG spheroids were in-
cubated with isoniazid, fluorescence was observed at 
a sufficiently higher concentration, 25 mM (Fig. 3); 
IC50=46.5±1.7 mM. Lactate concentration in the cul-
ture medium increased up to isoniazid concentration of 
16 mM. Thus, hepatotoxicity of isoniazid for HepaRG 
spheroids manifested at a rather high concentration of 
the drug. It is known that hepatotoxicity of isoniazid 
is caused by idiosyncratic effect of the drug [9], i.e. 
the specific genotype and expression of metabolizing 
enzymes. Effects of such hepatotoxins is difficult to 
predict using in vitro systems.

Therefore, for adequate assessment of drug hepa-
totoxicity, several methods should be combined: as-
sessment of cell viability and their functional status. 
Apparently, the integrated approach is particularly 
important in the study of cytotoxic drugs, similar by 
their structure and mechanism of action [13-14]. This 
makes possible identification of subtle differences in 
the manifestation of the pharmacological properties. 
Furthermore, the use of different methods of noninva-
sive evaluation of cell metabolism plays a key role in 
creating “organ-on-a-chip” platforms that are widely 

used in testing and development of new drugs [4,6,11]. 
In this paper, we used combination of MTT, TUNEL 
methods, and measurement of lactate concentration in 
the culture medium, while using the same cells sam-
ple, which reduces the time of the test and improves 
reproducibility of the results.

The study was carried out within the framework 
of the Federal Target Program “Research and De-
velopment in Priority Areas of Development of the 
Russian Scientific and Technological Complex in 
2014-2020” (Agreement No. 14.579.21.0018, RFME-
FI57914X0018).
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