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Background: The cellular and molecular response of liver cells to hypoxic stress is not fully understood. 
We used computational modeling to gain insights into the inflammatory response of primary human 
hepatocytes (HC) to hypoxic stress in vitro.
Methods: Primary HC from cancer patients were exposed to hypoxia (1% O2) or normoxia (21% O2) for 
1–48 h, and the cell supernatants were assayed for 21 inflammatory mediators. Data were analyzed by Two-
Way ANOVA, Dynamic Bayesian Network (DBN) inference, Dynamic Network Analysis (DyNA), and 
Time-interval Principal Component Analysis (TI-PCA). 
Results: The chemokines MCP-1/CCL2 and IP-10/CXCL10, along with the cytokines interleukin  
(IL)-2 and IL-15 were altered significantly over time in hypoxic vs. normoxic HC. DBN inference suggested 
central, coordinating roles for MCP-1 and IL-8 in regulating a largely conserved inflammatory program 
in both hypoxic and normoxic HC. DyNA likewise suggested similar network trajectories of decreasing 
complexity over time in both hypoxic and normoxic HC, though with differential connectivity of MCP-1, 
IP-10, IL-8, and Eotaxin. TI-PCA pointed to IL-1β as a central characteristic of inflammation in hypoxic 
HC across all time intervals, along with IL-15 and IL-10, vs. Eotaxin, IL-7, IL-10, IL-15, and IL-17A in 
normoxic HC. 
Conclusions: Thus, diverse human HC appear to respond in a largely conserved fashion to cell culture 
stress, with distinct characteristics based on the presence or absence of hypoxia.
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Introduction

Hepatic ischemia and hypoxic stress are major factors 
affecting liver cells in relevant clinical settings such 
as trauma/hemorrhagic shock (T/HS) (1), ischemia/
reperfusion injury (2), and liver transplantation (3). 
The liver is a critical, multi-functional organ that has a 

significant role in inflammation and innate immunity, 

processes that involve and are controlled by different 

cell types including hepatocytes (HC), Kupffer cells, and 

other non-parenchymal cells. In the normal adult murine 

liver, HC represent the majority of parenchymal cells and 

approximately 70–85% of liver volume (4). Numerous 
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studies, mostly using primary murine HC and mouse cell 
lines, have been carried out to study the inflammatory 
and stress response of hepatocytes in vitro (5). We have 
described previously our systems biology approach to 
characterize the inflammatory response to stress in the 
liver: for example, with the use of combined experimental 
and computational analyses, we identified the chemokine 
Monocyte Chemoattractant Protein-1 (MCP-1/CCL2) 
as a main driver of the response of mouse hepatocytes 
and as a biomarker for organ damage in clinical settings 
of trauma and hemorrhagic shock (T/HS) (6). More 
recently, we showed that under hypoxic stress both mouse 
HC and hepatic stellate cells (HSC) release a comparable 
pattern of inflammatory mediators in vitro, suggesting that 
the hepatocyte secretory machine might be either more 
restricted at baseline or disrupted following stress (7). 
Furthermore, we showed the presence of more complex 
autocrine inflammatory networks in HSC as compared to 
HC, which supports the notion that these two cell types not 
only coexist but also provide a microenvironment for each 
other in which HSC play the “messenger” role as opposed 
more of a “responder” role for HC (7).

The role of inflammatory networks formed by cytokines 
and chemokines released by isolated primary human HC 
in vitro has not been investigated extensively, however. In 
the present study, we assessed the secreted, protein level 
chemokine and cytokine responses of primary human HC 
in response to hypoxic stress. We employed Dynamic 
Network Analysis (DyNA) (6,8) to discern and compare 
the interconnections among mediators of inflammation 
mediators over defined ranges of time in hypoxia vs. 
control. We have hypothesized previously that, as a given 
stress response program evolves over time, dynamic 
networks of inflammatory pathways lead to the evolution of 
a core set of inflammatory pathways, which in turn can be 
discerned via Principal Component Analysis (PCA) (7,9). As 
a refinement of this technique, we have developed a variant 
called Time-interval PCA (TI-PCA), which we have used 
recently to help define the spatiotemporal dynamics of 
acute inflammation in vivo (10). Our findings suggest that 
distinct dynamic response networks are evoked in HC in 
response to hypoxia as compared to cells cultured under 
normoxic conditions. These insights, combined with those 
obtained from primary mouse HC by multiple groups, 
increase our understanding of this important and multi-
functional cell type.

Methods

Materials

Williams Medium E, penicillin, streptomycin, L-glutamine, 
and HEPES were purchased from Invitrogen (Carlsbad, 
CA). Insulin (Humulin®) was purchased from Eli Lilly 
(Indianapolis, IN), and calf serum was obtained from 
HyClone Laboratories (Logan, UT). Tissue culture dishes 
were from Corning Glass Works (Corning, NY). Unless 
indicated otherwise, all other chemicals and proteins were 
purchased from Sigma-Aldrich (St. Louis, MO).

Human hepatocyte isolation and culture

This study was carried out following the recommendations 
of the National Institutes of Health (NIH). The protocol 
was approved by the Institutional Review Board of the 
University of Pittsburgh (IRB No. 0610103). Freshly 
isolated human hepatocytes obtained from the tumor 
free portions of the liver during partial hepatectomy 
from patients with various primary liver or metastatic 
tumors were generously provided by Eric Hall (Director, 
Research Registry) from CellzDirect, Inc. (Durham, 
NC). Cells were delivered in cold preservation medium 
(designed to keep them viable at 4 ℃) in multi-well plates 
with a collagen type I substratum and Matrigel® overlay as 
follows: 1.5 million cells/well in 6-well plates or 0.75 million  
cells/well in 12-well plates. Upon arrival, the preservation 
medium was removed and replaced by fresh William’s 
E medium supplemented with penicillin/streptomycin, 
dexamethasone, ITS, L-Glutamine and HEPES as per 
the provider’s specifications. After overnight incubation at  
37 ℃, the old medium was replaced and the cells were 
further incubated under hypoxic conditions for 1, 3, 6, 24, 
and 48 h as previously described (6,7). Hypoxic conditions 
were obtained by placing the cells into a modular incubator 
chamber (Billups-Rothenburg, Del Mar, CA) flushed with 
a hypoxic gas mixture containing 1% O2, 5% CO2 and 94% 
N2. Hepatocytes incubated under normoxic conditions  
(21% O2) served as control. At the end of each experiment 
the cell culture supernatants were collected and stored 
at −80 ℃ until analysis. Total protein isolation and 
determination was done using the BCA protein assay kit 
from Pierce (Rockford, IL) with bovine serum albumin 
as standard as previously described (11). All data were 
normalized as pg/mg total protein.
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Analysis of inflammatory mediators

Human inflammatory mediators were measured using a 
Luminex™ 100 IS apparatus (Luminex, Austin, TX) and 
the Human 25-plex® Luminex™ bead kit (BioSource-
Invitrogen, San Diego, CA) as per manufacturer’s 
specifications. The antibody bead kit included: eotaxin, 
granulocyte-macrophage colony-stimulating factor (GM-
CSF), interferon-γ (IFN-γ), interleukin -1 receptor 
antagonist (IL-1RA), interleukin (IL)-1β, IL-2, IL-4, IL-5, 
IL-6, IL-7, IL-8, IL-10, IL-13, IL-15, IL-17A, interferon-
γ-inducible protein 10 (IP-10/CXCL10), monocyte 
chemoattractant protein-1 (MCP-1/CCL2), Monokine 
induced by interferon-γ (MIG/CXCL9), macrophage 
inflammatory protein-1α (MIP-1α/CCL3), MIP-1β 
(CCL4), and tumor necrosis factor-α (TNF-α).

Statistical and computational analyses

We applied a number of statistical and data-driven 
modeling techniques aimed at discovering principal drivers, 
interconnected inflammatory networks, and potential key 
regulatory nodes of inflammation in HC exposed to cellular 
stress. We applied these methods in a stepwise manner 
following our concept of the way cells, including HC, 
respond to inflammatory stimuli (7,9).

(I) Two-Way Analysis of Variance (ANOVA) was 
carried out to analyze the changes in inflammatory 
mediators in hypoxia vs. normoxia (control) using 
SigmaPlot (Systat Software, San Jose, CA).

(II) Dynamic Bayesian network (DBN) inference 
was carried out to define the most likely single 
network structure that best characterizes the 
dynamic interactions among systemic inflammatory 
mediators across all time points, in the process 
suggesting likely feedback structures that define 
central nodes. The networks might also suggest 
possible mechanisms by which progression of 
the inflammatory response differs within a given 
experimental group. In this analysis, time courses of 
unprocessed inflammatory mediator measurements 
from each experimental condition were used as input 
for a DBN inference algorithm, implemented in 
MATLAB® essentially as described previously (12). 

(III) Dynamic Network Analysis (DyNA) was carried out 
to define the central inflammatory network nodes 
as a function of time and experimental condition 
using our previously published algorithm (6,8,12). 

Connections, defined as the numbers of trajectories 
of inflammatory mediators that move in parallel, 
were created if the Pearson correlation coefficient 
between any two nodes (inflammatory mediators) 
at the same time interval was greater or equal to 
a threshold of 0.95, as indicated. The “network 
complexity” for each experimental condition was 
calculated using the following formula: Sum (N1 
+ N2 +…+ Nn)/n−1, where N represents the 
number of connections for each mediator and n is 
the total number of mediators analyzed. The total 
number of connections represents the sum of the 
number of connections for each mediator in a given 
experimental group.

(IV) Time-Interval Principal Component Analysis (TI-
PCA) was carried out as described recently (10), 
in order to identify those inflammatory mediators 
that contributed to the top 25% variance of the 
inflammatory response in human hepatocytes 
cultured under hypoxic or normoxic (control) 
conditions over four consecutive time periods  
(1–3, 3–6, 6–24, and 24–48 h) using MATLAB 
and Statistics Toolbox Release R2014b (The 
MathWorks, Inc., Natick, MA) (8).

Results

Patient demographics and clinical data

Primary human HC were isolated from normal liver 
tissue during partial hepatectomy for various cancers and 
subsequently cultured under hypoxic stress. The overall 
demographics and relevant clinical data of the eleven donors 
are shown in Table 1.

Differential trajectories of inflammatory mediators in 
primary human hepatocytes in response to hypoxic stress 
in vitro

To assess the response to hypoxia, primary human HC 
were exposed to 1% O2 for 1–48 h, and 21 inflammatory 
mediators (cytokines and chemokines) were measured 
in the supernatant. Hepatocytes exposed to normoxic  
(21% O2) conditions served as control. Comparison of 
time-dependent changes in hypoxia vs. control showed only 
four mediators that exhibited significant changes in hypoxic 
cell cultures as compared to control: MCP-1, IP-10, IL-2 
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and IL-15 (Figure 1). The time-dependent release of all 
inflammatory mediators is shown in http://fp.amegroups.
cn/cms/atm.2019.07.09-1.pdf.

Dynamic bayesian network (DBN) inference suggests a 
common signature in primary human HC cultured under 
both hypoxic and normoxic condition

An essential aspect of dynamic networks is the manifestation 
of mediator feedback, which can be inferred algorithmically 
(9,13). We have suggested that an early signature of a 
cellular response to stress can be inferred via analysis 
of dynamic networks of inflammatory mediators (7,9). 
Similar to our previous studies in pediatric acute liver 
failure, trauma and sepsis (12,14,15), we utilized DBN 
inference to define putative feedback structures among 
the measured inflammatory mediators, in order to discern 
any differential regulatory architectures in hypoxic HC 
vs. normoxic controls (Figure 2). Though data were 
separated by experimental group before analysis by DBN 
inference, the algorithm did not make assumptions about 
the network connectivity in any group. Both under control  
(Figure 2A) and hypoxia (Figure 2B), DBN inference 
suggested a network regulated by mutual interactions 
between MCP-1 and IL-8, each of which affects its own 

expression. In both experimental groups, the core motif 
of MCP-1 and IL-8 was inferred to affect the downstream 
production of the chemokines IP-10, MIG, MIP-1α and 
MIP-1β. Key inferred differences between the two dynamic 
networks were the presence of TNF-α and IL-1β as output 
nodes in control HC (Figure 2A), vs. IL-7 in hypoxic HC 
(Figure 2B).

Analysis of dynamic networks of inflammatory mediators: 
Distinct inflammatory connectivity differentiates the 
response of human HC to hypoxic stress in vitro

We next sought to characterize, in a more granular 
fashion, the time evolution of dynamic inflammatory 
networks of primary human HC exposed to hypoxia 
using Dynamic Network Analysis (DyNA). This analysis 
over defined ranges of time (1–3, 3–6, 6–24 and 24–48 h) 
initially revealed that there was a large number of network 
connections (Figure 3A) among the mediators released by 
both normoxic and hypoxic cells, but that the number of 
connections decreased in concert with one another within 
6–12 h of culture (Figure 3A,B). However, a quantification 
of the total number of connections for each inflammatory 
mediator revealed significant differences in the connectivity 

Table 1 Clinical demographics of patient samples

Patient HC-86 HC-87 HC-94 HC-99 HC-117 HC-122 HC-126 HC-137 HC-146 HC-147 HC-184

Race/
ethnicity

Middle  
Eastern

Asian Caucasian Caucasian Hispanic Caucasian Caucasian Caucasian Caucasian Caucasian Caucasian

Sex Female Female Male Female Male Male Male Female Male Female Male

Age 79 36 55 48 71 66 61 50 63 72 65

Obesity (BMI) No No No No Yes [31.3] No [26.61] Yes [33] Yes [32] [25.52] [29.44] [28.84]

Height 6'1" 5'5" N/A 5'7" 5'7" 5'6" 6' 5'2" 5'11" 5'7" 5'10"

Weight (lbs) 144 108 N/A 143 212 175 244 175 183 188 201

Smoking No No No No No Yes No No No No Yes 

Alcohol use No No No Rare No Rare No No Yes (1/day) No No

Serologies N/A N/A HepB (−) N/A N/A N/A N/A N/A N/A HepB (−) N/A

N/A N/A HepC (−) N/A N/A N/A N/A N/A N/A HepC (−) N/A

Surgical 
Pathology 
Report 

Carcino-
sarcoma

N/A Adeno-
carcinoma

Hepatic 
adenoma

Adeno-
carcinoma

Colonic 
adeno-

carcinoma

Colonic 
adeno-

carcinoma

Focal 
nodular 

hyperplasia 
lesion

Metastatic 
carcinoid

Hepato-
cellular 

carcinoma

Hepato-
cellular 

carcinoma

', feet; '', inch. NA, not available.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5263056/figure/F1/
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Figure 1 Production of inflammatory mediators by human hepatocytes (HC) in culture. Primary human HC isolated from 11 cancer 
patients were cultured under normoxia (21% O2, control) or hypoxia (1% O2) for 1–48 h, and inflammatory mediators were measured in cell 
culture media as described in Methods. Figure shows the concentrations of MCP-1 (A), IP-10 (B), IL-2 (C) and IL-15 (D) expressed as mean 
± SEM (*P<0.05, hypoxia vs. normoxia, analyzed by Two-Way ANOVA).

Figure 2 Dynamic Bayesian network (DBN) inference of inflammatory mediators in primary human HC cultured under hypoxic and normoxic 
conditions in vitro. Primary human HC were subjected to hypoxia (1% O2) or normoxia (21% O2, control) for 1–48 h and 21 inflammatory 
mediators were measured in the cell supernatants, followed by DBN inference as described in Methods. Inflammatory mediators are shown as 
nodes, and the arrows connecting them suggest an influence of one mediator on the one(s) it is connected to. The arrows do not distinguish 
positive from negative influences. Semicircular arrows suggest either positive or negative feedback of a given mediator on itself.
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of some mediators: MCP-1 and IP-10 (hypoxia > control) 
and Eotaxin and IL-8 (control > hypoxia) (Figure 4). We 
next focused on the specific connectivity of those mediators 
during each time interval. A detailed analysis of the  
MCP-1 (Figure 5A) and IP-10 (Figure 5B) connectivity 
revealed that while there appeared to be a marked decrease 
in the number of connections for both mediators over 
time, MCP-1 and IP-10 were more connected to myriad 
inflammatory mediators in hypoxic cells at 1–24 h, with no 
connections at all for IP-10 in control cells. Interestingly, 

the most persistent connection was that between  
MCP-1 and IP-10 (Figure 5A,B). In contrast, analysis of 
the IL-8 (Figure 5C) and Eotaxin (Figure 5D) connectivity 
showed the opposite effect: both mediators appeared to be 
more connected to various other inflammatory mediators in 
normoxic control as compared to hypoxic cells.

In addition to DyNA, we sought to use Time-Interval 
PCA (TI-PCA) to gain further insights into the secreted 
inflammatory stress responses of primary human HC  
(Figure 6). In support of this approach, Eotaxin was inferred 

Figure 3 Dynamic network analysis (DyNA) of inflammatory mediators released by hypoxic and normoxic (control) primary human HC  
in vitro. Primary human HC were subjected to hypoxia (1% O2) or normoxia (21% O2, control) for 1–48 h and 21 inflammatory mediators 
were measured in the cell supernatants, followed by DyNA (stringency level =0.95) as described in Methods. Figure shows the dynamic 
networks (A) and the network complexity (B) for each experimental condition. Black arrows (edges) represent positive connections.
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as a core mediator of the early inflammatory response 
of HC under control normoxic conditions, along with 
responses involving the chemokine MIG; the cytokines 
IL-4, IL-6, IL-7, IL-10, IL-15, and IL-17A; and the  
IL-1β inhibitor IL-1RA (Figure 6A). Interestingly, IL-1β 
was the dominant cytokine characterizing the inflammatory 
response of hypoxic HC, along with IL-15 and IL-10 
(and lesser contributions from other mediators, including  
IL-1RA, at distinct time intervals.

Discussion

The main goal of our study was to determine if combining 
in vitro and in silico studies could identify main hepatic 
inflammatory mediators in primary human HC cultured 
under hypoxia, a factor relevant to the pathophysiology 
of a number of inflammatory conditions such as ischemia/
reperfusion, T/HS, and liver transplantation. We used a 
similar approach as in our previous studies characterizing 
the response of hypoxic primary mouse HC (6,7). First, the 
analysis of the time courses showed only four mediators 
that exhibited significant changes in hypoxic cell cultures 

as compared to control: MCP-1, IP-10, IL-15 and  
IL-2. Furthermore, DBN showed that in both experimental 
groups the two primary networks are driven by a core 
motif of MCP-1 and IL-8, which were inferred to affect 
the downstream production of IP-10, MIP-1α and MI-
1β. Interestingly, we previously found a similar role for  
MCP-1, KC (the functional mouse homologue of human 
IL-8), and IP-10 in isolated primary mouse HC (6), 
suggesting a central role for chemokines such as MCP-1 
and IL-8 in the cellular stress as a function of O2 in isolated 
primary human HC as well. This response does not appear 
to be specific to liver cells, since chemokine release, and in 
particular of MCP-1 and IL-8, has appears to be critical for 
resident human dermal fibroblasts to mediate chemotaxis 
of leucocytes in response to hypoxia (16). While DBN 
showed a common signature for both hypoxic and normoxic 
cells, DyNA not only showed that HC make the same 
suit of inflammatory mediators but despite an overlap in 
connectivity for some inflammatory mediators, MCP-1, 
IP-10, Eotaxin and IL-18 connectivity could differentiate 
hypoxic cells from control, again supporting that chemokines 
are central components of the dynamic, multi-dimensional 
response of human HC to cell stress in vitro.

A large number of studies, mostly using primary murine 
HC and mouse cell lines, have been carried out to study the 
inflammatory and stress response of hepatocytes in vitro. In 
this regard, activated Kupffer cells can regulate the release 
a number of cytokines and chemokines by both rodent (17) 
and human HC (18). Using combined experimental and 
computational analyses we have identified previously the 
chemokine MCP-1 as a principal driver of the response 
of mouse HC, and, by extension, as a biomarker for organ 
injury in T/HS (6). More recently, we have shown in vitro that 
both mouse HC and HSC release a repertoire of cytokines 
and chemokines as a response to hypoxic stress (7). The 
hypoxia-induced release of many inflammatory mediators 
is regulated by (or related to) various signaling pathways, in 
particular the hypoxia-inducible factor-1 (HIF-1) system, 
but it is not completely understood how oxygen-dependent 
and independent activation/inactivation of the HIF pathway 
acts both in HC in vitro and in the context of various 
chronic liver injuries (19). In this regard, we have reported 
previously that livers from ischemic mice demonstrated 
only a modest increase in HIF-1α protein as compared to 
resting livers from control animals; and that this expression 
was not statistically different from sham controls (20). In 
primary human HC, however, the number of studies is 
limited, and most of the work has been performed using 
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DyNA serves to differentiate the response of human HC to hypoxic 
stress in vitro. Primary human HC were subjected to hypoxia or 
normoxia for 1–48 h, and the release of 21 inflammatory mediators 
was measured and analyzed as described in Methods. The figure 
shows the total number of network connections (edges) for each 
inflammatory mediator, as determined by DyNA (stringency level 
=0.95, see also Figure 2).



Vodovotz et al. Inflammatory networks in human hepatocytes 

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2019;7(16):371 | http://dx.doi.org/10.21037/atm.2019.07.09

Page 8 of 10

HepG2 cells or liver cancer cells such as hepatocellular 
carcinoma (21). Of relevance to the present study is a report 
using multiple protein state measurements from isolated 
primary human hepatocytes from two human donors and 
HepG2 liver cancer cells cultured in the presence of growth 
factors or inflammatory mediators (TNF-α, IL-1α, and 
LPS) that separated primary from transformed hepatocytes 
with respect to TLR-4 signaling and NF-κB-dependent 
secretion of inflammatory mediators. Stimulated human 
HC, but not HepG2 cells, were found to secrete a “signature 
set” of cytokines including MCP-1, MIP-1, MIP-1β, KC, 
IL-6 and IP-10 (22). 

There are some technical and applicability limitations 
to this study that cannot be overlooked when extrapolating 

these results to in vivo conditions. First, the relatively 
small number of experiments resulting from the limited 
availability of primary human liver cells. Furthermore, as 
discussed in our previous study (7), nearly all tissue culture 
experiments involving liver cells, such as the control 
conditions described herein are routinely performed under 
relatively hyperoxic conditions that may not replicate 
in vivo physiology (23). Notably, the complex oxygen 
gradient in the liver in vivo is very difficult to reproduce 
employing isolated cells in vitro, as is the identification and 
characterization of dynamic networks of inflammation. 
In addition, it is unknown if both the composition and 
complexity of those inflammatory networks in hepatocytes 
change in the presence of other liver cells. We also 
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to hypoxia or normoxia for 1–48 h, and the release of 21 inflammatory mediators was measured in the cell supernatants, followed by DyNA 
(stringency level =0.95) as described in Methods. The figure shows the detailed network connectivity for MCP-1 (A), IP-10 (B), IL-8 (C) and 
Eotaxin (D).
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recognize that the primary HC used in our study are from 
different surgical cancer patients, so they might differ 
in many ways (including differences in lifestyle, genetic 
backgrounds and production and release of inflammatory 
mediators) from cell populations derived from healthy 
livers. Lastly, we note that the source livers were likely 
subjected to operative trauma, anesthesia, as well as 
potentially rough handling by surgeons and lab personnel 
as they were processed for HC isolation, which is likely to 
affect the secretory status of the cell monolayers in vitro.

Conclusions

In summary, our statistical and computational analyses 
suggest the presence of a core, conserved set of responses 
to stress in HC derived from surgical cancer patients, 
combined with distinct inflammatory sub-networks 
characteristic of hypoxic stress. The relevance of these 
findings in vivo warrants further investigation but may 
point to a prolongation of certain chemokine responses, 
specifically those centered on MCP-1 and IP-10.
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