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Abstract

OBJECTIVE—As the leading risk factor for the development of liver cancer, chronic infection 

with hepatitis B virus (HBV) represents a significant global health concern. Although an effective 

HBV vaccine exists, at least 240 million people are chronically infected with HBV worldwide. 

Therapeutic options for the treatment of chronic HBV remain limited, and none achieve an 

absolute cure. To develop novel therapeutic targets, a better understanding of the complex network 

of virus-host interactions is needed. Because of the central metabolic role of the liver, we assessed 

the metabolic impact of HBV infection as a means to identify viral dependency factors and 

metabolic pathways that could serve as novel points of therapeutic intervention.

METHODS—Primary rat hepatocytes were infected with a control adenovirus, an adenovirus 

expressing a greater-than-unit-length copy of the HBV genome, or an adenovirus expressing the 

HBV × protein (HBx). A panel of 369 metabolites was analyzed for HBV- or HBx-induced 

changes 24 and 48 hours post infection. Pathway analysis was used to identify key metabolic 

pathways altered in the presence of HBV or HBx expression, and these findings were further 

supported through integration of publically available gene expression data.
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RESULTS—We observed distinct changes to multiple metabolites in the context of HBV 

replication or HBx expression. Interestingly, a panel of 7 metabolites (maltotriose, maltose, 

myristate [14:0], arachidate [20:0], 3-hydroxybutyrate [BHBA], myo-inositol, and 2-

palmitoylglycerol [16:0]) were altered by both HBV and HBx at both time points. In addition, 

incorporation of data from a transcriptome-based dataset allowed us to identify metabolic 

pathways, including long chain fatty acid metabolism, glycolysis, and glycogen metabolism, that 

were significantly altered by HBV and HBx.

CONCLUSIONS—Because the liver is a central regulator of metabolic processes, it is important 

to understand how HBV replication and HBV protein expression affects the metabolic function of 

hepatocytes. Through analysis of a broad panel of metabolites we investigated this metabolic 

impact. The results of these studies have defined metabolic consequences of an HBV infection of 

hepatocytes and will help to lay the groundwork for novel research directions and, potentially, 

development of novel anti-HBV therapeutics.

1. INTRODUCTION

Hepatocellular carcinoma (HCC) remains one of the leading causes of cancer related death, 

with an estimated 600,000 yearly deaths and an incidence to mortality ratio near 1 [1]. 

Chronic infection with the hepatitis B virus (HBV) represents the greatest global risk factor 

for the development of HCC, despite the availability of an effective HBV vaccine [2]. 

Estimates suggest that a minimum of 240 million people are chronically infected with HBV 

worldwide [3, 4]. The ongoing risk for the development of HBV-associated liver cancer can 

at least partially be attributed to a lack of effective treatments for chronic HBV infection, 

which continues to drive the search for novel therapeutics. Because the majority of current 

anti-HBV therapeutics target a single viral factor, the reverse transcriptase function of the 

viral polymerase, novel therapeutics will ideally target aspects of the viral life cycle outside 

of the function of the polymerase; however, to achieve this goal a better understanding of the 

complex network of host-virus interactions is needed.

Because of the central metabolic role of the liver, understanding the metabolic impact of 

HBV in hepatocytes, the primary cell of the liver and target of HBV infection, as well as the 

metabolic impact of expression of the HBV × protein (HBx), the only regulatory protein 

encoded in the HBV genome, could significantly aid in our overall understanding of HBV. 

Recently, the role of HBV in metabolism has been brought to the forefront due to the 

discovery of a major bile salt transporter, human sodium taurocholate co-transporting 

polypeptide (hNTCP), as a functional receptor for HBV [5]. Additional research 

demonstrated that binding of HBV interferes with the normal function of hNTCP, suggesting 

that by binding to hNTCP, HBV could dramatically alter hepatic bile acid uptake and liver 

metabolic function [6]. In addition, HBV infection of mice with humanized livers showed 

alteration of multiple metabolic pathways and factors [7]. Along with the growing body of 

research into the relationship between HBV and metabolic pathways, such as Akt signaling 

[8] and gluconeogenesis [9, 10], it is clear that HBV likely alters the metabolic landscape of 

an infected hepatocyte.
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In this study, we utilize an “-omics”-based approach to establish a profile of the HBV-

mediated alterations to the primary hepatocyte metabolome. Using this metabolic profile, we 

are able to identify specific cellular pathways affected by HBV and predict potential cellular 

targets of HBV-mediated perturbation. These predictions are supported by the incorporation 

of corresponding global transcriptomic data to broaden our overall analysis of pathways 

altered in the context of HBV replication and HBx expression. Together, this approach 

allows us to better understand the metabolic impact of an HBV infection, which could 

ultimately help to guide the development of novel therapeutic strategies.

2. MATERIALS AND METHODS

2.1 Animal studies

Surgery and isolation of hepatocytes from rats were approved by the Institutional Animal 

Care and Use Committee of the Drexel University College of Medicine (Protocol # 20057) 

and complied with the Animal Welfare Act, the Public Health Service Policy on Humane 

Care and Use of Laboratory Animals, and the NIH Guide for the Care and Use of 

Laboratory Animals (2011).

2.2 Isolation and maintenance of cultured primary rat hepatocytes

Primary rat hepatocytes (PRHs) were isolated from 5–7 week-old male Sprague-Dawley rats 

following a two-step perfusion protocol and maintained as previously described [11, 12].

2.3 Recombinant adenovirus infections

The construction of the recombinant adenoviruses, containing either hrGFP alone (AdGFP), 

hrGFP and a greater than unit length copy of the HBV genotype D/serotype ayw genome 

(AdHBV), or hrGFP and the HBx coding sequence under the control of the CMV promotor 

(AdHBx), has been described previously [13]. The infection protocol, along with detailed 

descriptions of determination of the amount of virus to use for infection, has also previously 

been described [12–14].

For these studies, approximately 3.5 × 106 cells were plated per sample in a 6 cm plate 

coated with rat tail collagen (150–200µg/ml). PRHs were infected with AdHBV, AdHBx, or 

AdGFP 24 hr after plating in 150 µl total volume at a relative M.O.I. of approximately 0.01, 

based on titer values determined in Ad293 cells, and allowed to incubate for 1 hr with 

rocking every 15 mins. After infection, 3ml of culture medium was added to the cells, and 

cells were incubated overnight at 37°C with 5% C02. Medium was changed daily and 

infection efficiency was monitored by GFP expression.

2.4 Analysis of HBV replication

The analysis of HBV replication by Southern blot for HBV core particle-associated DNA 

has been described previously [15]. In addition, expression of HBV core protein was 

analyzed by western blot using a monoclonal anti-HBcAg (core protein) antibody (Dako, 

Carpinteria, CA). Monoclonal anti-β-actin (Sigma-Aldrich, St. Louis, MO), was used to 

detect equal loading. Primary antibodies were detected using an infrared-dye conjugated 
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anti-mouse secondary antibody with an Odyssey infrared detection system (LiCor, Lincoln, 

NE).

2.5 Metabolomic Profiling

To establish HBV-mediated changes to primary hepatocyte metabolite profiles, PRHs were 

infected with AdGFP, AdHBV, or AdHBx 24 hr after plating. Quadruplicate samples were 

generated for each treatment type, and the experiment was duplicated from an independent 

rat liver, for a total of 8 samples per treatment type. Based on the MS platform used for these 

studies, this sample setup gave the statistical power needed to reliably identify significant 2-

fold changes across the dataset, while also accounting for rat-to-rat variability. Cells were 

collected 48 hr after plating (24 hr after infection) or 72 hr after plating (48 hr after 

infection). Metabolon, Inc. (Durham, NC) performed processing, QC, and metabolomic 

profiling across a panel of 369 known biochemicals using ultra-performance liquid 

chromatography (UPLC)/mass spectrometry/mass spectrometry (UPLC-MS/MS). The 

pipeline for sample preparation, fractionation, and detection has been previously described 

[16, 17]. After raw-data collection, peak identification and QC processing were done using 

Metabolon’s in-house proprietary analysis software. Significant differences in metabolite 

levels were determined by ANOVA with a p-value ≤ 0.05. Pathway analysis, based on 

metabolite network centrality and over-representation, was done using MetaboAnalyst 3.0 

[18],

Additional data analysis and visualization was completed using Bioconductor packages for 

R (v3.2.3, "Wooden Christmas-Tree") [19], including the Weighted Correlation Network 

Analysis package (WGCNA, v1.51) [20] and ggplot2 (v2.1.0) [21]. Venn diagrams were 

generated using the Venny tool [22].

2.6 Transcriptomic Profiling

Gene expression data was incorporated from a previously published dataset [12]. This 

transcriptome analysis was done on AdGFP- or AdHBV-infected cultured primary rat 

hepatocytes collected at 24 and 48 hrs post-infection, following the infection protocol 

described above. RNA-seq data from these studies is available as a GEO SuperSeries 

(GSE68113).

3. RESULTS

3.1 Recombinant adenovirus infection of primary rat hepatocytes

In this metabolome analysis, primary rat hepatocytes from two individual rats were infected 

with AdGFP, AdHBV, or AdHBx 24 hrs after plating (Fig. 1A). Infection efficiency was 

monitored by expression of GFP across all samples, with GFP expression detectable at 48 

hrs (24 hrs post-infection), and a dramatic increase of GFP expression at 72 hrs (48 hrs post-

infection) (Fig. 1B). HBV replication was confirmed by Southern blot for core protein-

associated DNA. Importantly, high levels of HBV replication could be detected by Southern 

blot at 72 hrs (48 hr after infection) in each replicate set of AdHBV-infected hepatocytes 

(Fig. 2A). Additionally, western blot analysis of HBV core protein showed clear expression 

in AdHBV-infected cells, but not AdGFP-infected cells (Fig. 2B).
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3.2 Overview of Metabolomic Profiling Study

An unbiased analysis of overall sample similarity following metabolomics profiling showed 

a hierarchy of variables influencing the clustering of the data, such that the two replicate rats 

represented the primary variable, with individual time points as the secondary component, 

and treatment type (AdGFP, AdHBV, AdHBx) as the tertiary component (Fig. 3). Although 

treatment-based segregation of the samples was less evident at 24 hrs after infection, when 

GFP expression was significantly lower, the samples were distinctly stratified by treatment-

type at 48 hrs after infection when both GFP expression (Fig. 1B) and HBV replication (Fig. 

2) were clearly evident.

While the analysis of sample similarity suggests that additional confounding factors exist 

(i.e. rat, time), significant differences are identifiable between control and HBV- or HBx-

expressing primary rat hepatocytes. Specifically, at 48 hrs, 47 metabolites were significantly 

different (p ≤ 0.05) between HBV-expressing and control primary rat hepatocytes with 15 

approaching significance (0.05 ≤ p ≤ 0.10). Similarly, HBx-expressing primary rat 

hepatocytes had 28 metabolites significantly altered compared to control, with another 23 

nearly significant. While HBV expression increased the majority of the altered metabolites, 

HBx expression alone decreased 38 metabolites while increasing only 13. Of the 

significantly altered metabolites at 48 hrs, 15 were altered in both HBV- and HBx-

expressing primary rat hepatocytes (Fig. 4). At 72 hrs, HBV significantly altered 139 

metabolites, with an extra 43 nearing significance. Interestingly, of the 47 metabolites 

altered by HBV at 48 hrs, 31 were also altered by HBV at 72 hrs (Fig. 4). For HBx-

expressing primary rat hepatocytes, 149 metabolites had significant changes, plus an 

additional 35 that were nearly significant at 72 hrs. Only 12 metabolites were altered in the 

context of HBx expression at both time points, and 81 were in common between HBV-

expressing and HBx-expressing cells at 72 hr. Overall, only 7 metabolites (maltotriose, 

maltose, myristate [14:0], arachidate [20:0], 3-hydroxybutyrate [BHBA], myo-inositol, 2-

palmitoylglycerol [16:0]) were significantly altered by both HBV and HBx at both time 

points (Fig. 4).

In a broader investigation of altered metabolite expression across both time and treatment 

type, only 242 (~7%) metabolites had a ≥ 2-fold change up or down, despite the fact that 

1,028 (31%) were statistically significantly altered. This could be the result of the short 

timeframe of the studies, or reflect broader implications of the moderate changes induced by 

HBV. In fact, when this distribution is broken down further, 145 of these ≥ 2-fold changes 

(60%) are within the time-mediated comparisons (i.e. HBV 48 hrs vs HBV 72 hrs, etc.), 

despite these comparisons making up only a third of the total dataset. HBV-mediated 

changes account for 29 of the ≥ 2-fold changes (12%), and HBx-mediated changes account 

for 34 of the ≥ 2-fold changes (14%), with HBV- to HBx-expressing cells making up the 

remaining comparisons. This means, as suggested by the sample dendrogram (Fig. 3), that 

HBV- and HBx-mediated changes are identifiable, but occur on a smaller scale than those 

seen in time-mediated comparisons. Unfortunately, these limitations are a consequence of 

the ex vivo primary hepatocyte model, as both human and rat primary hepatocytes typically 

do not survive beyond 72 to 96 hrs in culture without significant intervention that would 

alter the physiological relevance of the system, limiting our ability to extend the duration of 
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our studies. Despite this, significant changes to individual metabolites remain identifiable 

(Fig. 5).

3.3 Pathway analysis of altered metabolites

Because metabolism is the result of a cascade of biochemical reactions, analysis of 

individual metabolites only offers limited information. Instead, pathway analysis of 

metabolites can generate a clearer picture of the impact of HBV on hepatocyte physiology 

through disruption of specific metabolic pathways. Within the metabolome analysis, 

metabolites were grouped by super-pathway and sub-pathway based on Kyoto Encyclopedia 

of Genes and Genomes (KEGG) identifiers. These groupings consisted of 8 super-pathways 

(amino acid, peptide, carbohydrate, energy, lipid, nucleotide, cofactors and vitamins, and 

xenobiotics), with between 2 (peptide and energy) and 28 (lipid) sub-pathways (Fig. 6). 

Each sub-pathway was made up of between 1 and 31 metabolites, with the large majority 

(85%) containing less than 10.

When examining the KEGG designation associated with altered metabolites, obvious 

patterns emerge (Fig. 6). For example, the lipid super-pathway, which makes up 38% of all 

metabolites in the analysis, had obvious HBV- and HBx-mediated alterations across multiple 

sub-pathways. At 48 hrs, 26 lipid-related, significantly altered metabolites were increased in 

HBV-expressing PRHs, while 4 were decreased; at 72 hrs 68 were increased and 6 were 

decreased. Specifically, of the 14 metabolites in the long chain fatty acid sub-pathway, only 

3 were not significantly altered by HBV at 48 hrs, and all three of these were altered at 72 

hrs. Interestingly, HBx-expressing primary rat hepatocytes had only one metabolite in the 

long chain fatty acid sub-pathway, myristate, which was significantly altered at 48 hrs. By 

72 hrs all but 2 of the 14 metabolites were significantly altered (Fig. 7). Similarly, the 

polyunsaturated fat sub-pathway, which contains 12 metabolites, had 9 metabolites 

significantly altered in HBV-expressing cells at 48 hrs and 7 at 72 hrs, with all altered 

metabolites increased. Similar to the effects seen in the long chain fatty acid sub-pathway, 

HBx also demonstrated delayed metabolite regulation in the polyunsaturated fat sub-

pathway compared to HBV-expressing cells, with 0 significant alterations at 48 hrs, but 9 out 

of 12 altered at 72 hrs.

Other sub-pathways within the lipid super-pathway were also altered, including the largest 

sub-pathway in the dataset, phospholipid metabolism. Interestingly, within this sub-pathway 

only minimal regulation was seen at 48 hr. HBV-expressing PRHs had only 2 out of 31 

metabolites increased, while HBx-expressing cells had 3 decreased metabolites. At 72 hr, 

however, HBV-expressing PRHs had 11 significantly increased and 2 significantly decreased 

metabolites. For HBx, biochemical alteration was even more dramatic, with 23 of 31 

metabolites involved in phospholipid metabolism increased at 72 hrs. Similarly, the 

sphingolipid pathway, another important sub-pathway involved in lipid signaling, is also 

altered in both HBV- and HBx-expressing cells. Similar to phospholipid metabolism, this 

pathway seems to be altered more at 72 hrs, with only limited alteration at 48 hrs.

While the lipid super-pathway contains the most sub-pathways and metabolites within our 

dataset, and therefore the most opportunity for analysis, other pathways also showed 

interesting treatment-mediated regulation. In particular, the carbohydrate super-pathway 
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contained multiple sub-pathways with HBV- or HBx-mediated metabolite regulation. For 

example, HBx-expressing cells showed an increase in 6 out of 11 glycolysis intermediates at 

72 hrs, including glucose, glucose-6-phosphate, and frucose-6-phosphate (Fig. 8). HBx-

expressing cells also demonstrated increased intermediates of the pentose phosphate 

pathway (PPP) at 72 hrs, and both HBV-expressing and HBx-expressing cells exhibited 

increased glycogen metabolism at both 48 hrs and 72 hrs (Fig. 9), with the fold changes at 

72 hrs among the largest changes in the metabolic analysis.

To further support these pathway observations, a pathway analysis of all altered metabolites 

in a given comparison was done based on metabolite network centrality and over-

representation. Using MetaboAnalyst 3.0 [18], we were able to investigate metabolic 

pathways that should be affected by the HBV- or HBx-mediated alteration of metabolites by 

considering all of the potential pathways a metabolite may be involved in, giving a more 

detailed biological context for these changes. Using this approach, we identified a number of 

pathways that are significantly altered in HBV- or HBx-expressing hepatocytes. 

Interestingly, in support of the significant alteration of the lipid super-pathway, multiple 

pathways involving fatty acid metabolism were altered across multiple comparisons. For 

example, the biosynthesis of unsaturated fatty acids pathway was altered by both HBV and 

HBx at both time points, and was the most significantly altered pathway at all time points 

except for the comparison of AdHBx-expressing primary rat hepatocytes to AdGFP-

expressing primary rat hepatocytes at 48 hrs, when minimal changes were seen across the 

metabolome. As expected, the broader fatty acid biosynthesis pathway was also altered 

across all 4 comparisons, and the fatty acid metabolism pathway was altered in both 72 hr 

comparisons. Glycerophospholipid metabolism was also one of the most altered pathways 

across all comparisons except for the HBV comparison at 48 hrs, further supporting the 

previously described analysis. Beyond lipid metabolism, a number of amino acid 

metabolism pathways were altered, the glycolysis/gluconeogenesis pathway was altered 

across all 4 comparisons, and the sucrose/starch metabolism pathway was altered in both 72 

hr comparisons. These pathways suggest an HBV-mediated alteration of energetic pathways, 

as was suggested in the previous analyses. Together, the results of this pathway analysis 

support the broader interpretation of the impact of HBV and HBx on the PRH metabolome.

3.4 Integration of Metabolomic and Transcriptomic data

Although this metabolomic analysis allows an informative view of a large panel of 

metabolites, the complicated nature of cellular metabolic processes means that further 

interpretation of this dataset would be required before strong conclusions can be drawn. In 

particular, analyzing the levels of enzymes associated with the generation of these factors 

could give an idea of how pathways identified as altered within the metabolome study are 

being regulated. Because of this, we utilized a previously described transcriptome dataset 

from AdHBV-infected primary rat hepatocytes to attempt to correlate changes in the levels 

of metabolites to changes in the levels of associated genes; however, since the transcriptome 

dataset contains significantly more genes than metabolites in this metabolic dataset, a direct 

bioinformatic-based pathway analysis of the combined dataset would be heavily skewed 

towards gene-mediated pathway alterations, which has previously been described [12]. We 
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instead chose to use the transcriptome data as a tool to support our observations within the 

metabolome dataset.

The initial step in associating these two datasets was to look for pathways regulated by HBV 

in both analyses. Because the gene ontology pathway analysis also utilizes KEGG identifiers 

to organize genes into pathways, it should be possible to identify common pathways altered 

by HBV in both datasets. For example, one of the pathways with the highest HBV-mediated 

perturbation at 72 hrs when looking at gene expression was the glycolysis/gluconeogenesis 

pathway. At 48 hrs, however, this pathway was not identified as statistically significantly 

altered. Similarly, the metabolome dataset only identified alterations to the glycolysis/

gluconeogenesis sub-pathway at 72 hrs, with minimal alterations at 48 hrs. Although we are 

limited to metabolites that were examined within the assay, when we examine the genes 

associated with the specific metabolic reactions, we see a similar correlation. For example, 

the third step of glycolysis involves the conversion of fructose-6-phosphate to fructose 1,6-

bisphosphate by the enzyme phosphofructokinase (PFK). Both of these metabolites are 

increased in HBx-expressing cells at 72 hrs and trending towards a significant increase in 

HBV-expressing cells. Importantly, the gene encoding the liver-specific subunit of 

phosphofructokinase is increased in HBV-expressing cells at 72 hrs in the transcriptome 

analysis.

Similarly, the metabolome data also suggested increased use of the pentose phosphate 

pathway by HBx-expressing cells at 72 hr. The oxidative phase of the pentose phosphate 

pathway involves the conversion of glucose-6-phosphate to ribose 5-phosphate. Both of 

these metabolites are increased by HBx-expressing cells at 72 hrs. The initial enzyme in this 

cascade, glucose-6-phosphate dehydrogenase (G6PD), is also upregulated at 72 hrs in the 

transcriptome data and was recently shown to be upregulated in an HBx-dependent manner 

in HBV-positive human liver samples, HBV-associated HCC, and HBV- or HBx-expressing 

cell lines [23]. While not statistically significant, there is also a trend towards overall 

perturbation of the pentose phosphate pathway in the transcriptome dataset as well, with a p-

value at 72 hrs of 0.06.

Another pathway identified as perturbed in the transcriptome analysis was glutathione 

metabolism, which was significantly altered at 72 hrs. Multiple points in the glutathione 

metabolic pathway were directly altered due to HBV-mediated dysregulation of genes, 

including G6PD and multiple gamma-glutamyltransferases. Similarly, the metabolome 

results suggested alteration of the glutathione metabolism sub-pathway at 72 hrs, with 8 of 

the associated metabolites altered in HBV-expressing primary rat hepatocytes and 6 altered 

in HBx-expressing primary rat hepatocytes.

Analysis of the lipid super-family shows similar correlations between the metabolome and 

the transcriptome analyses. Specifically, the PI3K/Akt pathway was one of only 6 pathways 

perturbed at both time points in the transcriptome analysis, which correlates with the 

alteration at 72 hrs of the phospholipid metabolism sub-pathway in the metabolome analysis. 

Another example of lipid regulation is the HBV-mediated increase in myristate, the substrate 

for protein myristoylation. This correlates well with increased expression of N-
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myristoyltransferase, the enzyme responsible for transferring the myristoyl group to the 

glycine residues of targeted proteins.

The observed increase in the pool of free fatty acids in HBV- and HBx-expressing primary 

rat hepatocytes could be the result of alterations in multiple pathways. For example, it could 

be caused by decreased β-oxidation, which is supported by a significant decrease in enzymes 

associated with β-oxidation in the transcriptome analysis. This includes the HBV-mediated 

downregulation at 72 hrs of CPT1a, the gene encoding the liver isoform of carnitine 

acyltransferase, as well as decreased levels of the genes encoding the subunits of enoyl-CoA 

hydratase; these each represent integral parts of the fatty acid oxidation pathway. 

Concurrently, the increased pool of free fatty acids could be influenced by increased 

lipogenesis, which is supported by the significant increase in the expression of sterol 

regulatory element binding protein 1 (SREBP1) in HBV-expressing primary rat hepatocytes 

in the transcriptome analysis. Fatty acid synthase, and its fatty acid product palmitate, are 

also increased by HBV in the transcriptome and metabolome, respectively. Another possible 

contributor to the increased fatty acid pool is increased lipolysis, which correlates with 

increased HBV-mediated expression of G0S2, which encodes a multifunctional protein 

involved in regulating the breakdown of fat [24].

Together, the metabolome and transcriptome datasets synergistically support the hypothesis 

that HBV mediates metabolic changes in a hepatocyte, likely to optimize the cellular 

environment for its own replication. The vital role of the liver in metabolic pathways means 

that understanding the effect of HBV on these pathways could be an important step towards 

understanding HBV-associated disease. By analyzing the impact of HBV in a metabolome-

wide perspective, we can generate an overview of the complex network of biochemical 

changes induced in an HBV-infected cell and how these pathways communicate to 

ultimately result in successful viral replication.

4. DISCUSSION

Increasing our knowledge of the metabolic impact of an HBV infection of hepatocytes is an 

important step towards a complete understanding of the HBV life cycle and the development 

of novel therapeutic interventions to inhibit HBV replication in HBV-infected individuals. In 

light of the recently described cell-surface, HBV receptor [5] role of the human sodium 

taurocholate co-transporting polypeptide (hNTCP), a central factor in hepatocyte 

metabolism through its function as the main hepatocyte bile transporter [25], it is vital that 

we understand the interplay between the HBV life cycle and hepatocyte metabolism.

In an attempt to mimic in vivo hepatocyte physiology as closely as possible, we used a 

primary hepatocyte model system for studies of HBV biology. Specifically, we used an ex 
vivo model of cultured primary rat hepatocyte because they are readily available and we 

have previously demonstrated their overall similarity to freshly isolated hepatocytes [12]. 

Although primary rat hepatocytes cannot be directly infected with human HBV, this 

drawback is counterbalanced by the overall difficulties of doing similar work in primary 

human hepatocytes. For example, both the low level of HBV replication, ~1 infectious virion 

per cell per day [26], and the overall inefficiency of HBV infection in cultured primary 
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human hepatocytes [27, 28] are significant impediments to large-scale in vitro studies. To 

circumvent these difficulties, we utilized a recombinant adenovirus expressing either GFP 

alone (AdGFP), GFP with a greater-than-unit-length copy of the HBV genome (AdHBV), or 

GFP with HBx (AdHBx). While this system bypasses the initial stage of infection, it does 

recapitulate all of the post-infection steps of the HBV life cycle, resulting in successful viral 

replication. In addition, by using recombinant adenoviruses, we routinely achieve a high 

level of infection, which can approach 100%, and is much closer to the level of virus seen in 

a natural HBV infection, where nearly 100% of the liver is infected within the first week 

[29, 30]. On the other hand, bypassing the initial hepatocyte infection step does mean that 

metabolic changes associated with HBV binding to hNTCP, itself an important metabolic 

factor, will not be detected in these studies. Recently, however, studies have shown that HBV 

binding to hNTCP can competitively inhibit the function of hNTCP [6] and alter a number 

of transcription factors associated with lipid and cholesterol metabolism [7]. Additional 

work could help to bridge the larger, profiling-based metabolomics studies and work 

utilizing direct infection techniques.

Overall, the results of our analysis of the HBV-mediated changes to the hepatocyte 

metabolome demonstrate that within the analysis variables in the dataset (i.e. time, treatment 

type), significant changes to the metabolomic profile are occurring. One initial observation 

is that these results suggest a potentially interesting differential regulation of metabolites 

between HBV and HBx. For example, when comparing within treatment groups over time, 

AdGFP- and AdHBV-infected primary rat hepatocytes have similar patterns of time-

mediated changes, with 70% and 61% of metabolites decreased between 48 hrs and 72 hrs. 

AdHBx-infected cells, on the other hand, are nearly the opposite, with 30% of metabolites 

decreased and 70% increased. While this could represent interesting physiological 

differences in the expression of HBx in the context of HBV or when expressed on its own, it 

is more likely that this difference between HBV- and HBx-expressing cells represents 

differences in these two experimental systems. Specifically, in contrast to AdHBx-infected 

primary rat hepatocytes, the level of HBx expression in the context of AdHBV-infected 

primary rat hepatocytes is minimal, to the point that it remains below the level of detection 

by western blot. Therefore, differences in the levels of metabolites between AdHBV- and 

AdHBx-expressing cells could be the result of specific HBx-mediated effects due to the 

potentially over-expressed levels of HBx or changes that would be seen at an extended time 

point in HBV-expressing cells. Unfortunately, the short life span of primary hepatocytes in 

culture limit our ability to investigate this hypothesis.

While the purpose of these studies was primarily to produce a global profile of the HBV- and 

HBx-mediated changes to the primary hepatocyte metabolome, we were able to generate 

some interesting biological contexts for these changes through the analysis of altered 

metabolites within their respective metabolic pathways. Through the use of both a broad 

analysis of super-pathways and a more refined analysis of pathway perturbation, we 

identified pathways likely altered in the context of HBV and HBx expression. Many of these 

pathways fall within the lipid super-pathway and included a number of central metabolic 

pathways. One such lipid-related pathway was phospholipid metabolism. Interestingly, each 

of the 4 classes of phospholipids measured (phosphatidylcholine, phosphatidylethanolamine, 

phosphatidylserine and phosphatidylinositol) were altered by HBV and HBx at 72 hrs. Each 
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of these classes of lipids play important roles in cellular function, and a number of recent 

studies demonstrate their importance for HBV, including the recently described requirement 

for cellular lipids in HBV envelope formation and infection of hepatocytes [31, 32]. This 

regulation of phospholipid metabolism, and the similar regulation of sphingolipid 

metabolism, could imply increased membrane biosynthesis; however, these lipids also play 

important roles in other cellular pathways, such as apoptosis and calcium signaling, which 

are also affected in HBV-infected hepatocytes [13, 33].

Another interesting aspect of the lipid super-pathway is the HBV- and HBx-mediated 

increases in the long chain fatty acid and the polyunsaturated fat sub-pathways. Together, 

these results imply that HBV- and HBx-mediated alterations to the metabolites in each of 

these pathways results in an increased pool of free fatty acids. Importantly, minimal 

increases in the level of essential fatty acids implies that, while some increased uptake may 

be occurring from outside the cell, the increased level of free fatty acids is more likely due to 

a decrease in the level of β-oxidation, or an increase in the level of fatty acid synthesis or 

lipolysis in the presence of HBV and, at the later time point, HBx. These conclusions were 

further supported through analysis of relevant gene expression. For example, while our 

biochemical panel did not include analysis of manoyl-CoA, and therefore we can’t directly 

assess inhibition of fatty acid oxidation, CPT1a and enoyl-CoA hydratase expression were 

both decreased by HBV, each representing critical early steps in this pathway. Alternatively, 

factors involved in fatty acid synthesis and lipolysis, such as fatty acid synthase and its fatty 

acid product palmitate, SREBF1, a main regulator of lipogenesis and fatty acid uptake that is 

transcriptionally activated by HBx [34], and G0S2, a multifunctional protein involved in 

regulating the breakdown of fat [24], are all up-regulated by HBV.

Though lipids make up the largest percentage of metabolites in our profiling study, analysis 

shows multiple pathways are altered by HBV or HBx. In particular, this includes alteration 

of metabolites associated with glycolysis and gluconeogenesis, amino acid metabolism, 

starch and sugar metabolism, and other energy-related metabolic pathways. Previous work 

has shown that induction of gluconeogenesis enhances HBV replication [10], and HBx 

expression results in increased levels of multiple gluconeogenic genes [9]. Additionally, 

recent RNA-seq experiments have shown HBV-mediated decreases in the levels of GLUT2, 

the main hepatic glucose transporter [12, 35], and additional studies have shown that HBV 

replication depends on transcription factors that are important for the regulation of both 

gluconeogenesis and lipogenesis [36]. Our findings here, including HBV- and HBx-

mediated increases in glycolytic intermediates and glycogen metabolism combined with 

only minimal alteration of Tricarboxylic Acid Cycle (TCA)- and oxidative phosphorylation-

associated metabolites, suggest that HBV- and HBx-expressing cells may be altering the 

energy state of the hepatocyte, and potentially shifting cells towards increased glycolysis. 

Taken along with the well-established role in HBV of central metabolic pathways such as 

PI3K/Akt [8, 37], these findings support the role of HBV as a direct mediator of hepatocyte 

metabolism.

Because of the depth of these combined datasets, a complete analysis of all HBV-mediated 

changes goes beyond the scope of any individual study. For example, through the alteration 

of glutathione metabolism, our data suggests increased oxidative stress in HBV- and HBx-
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expressing PRHs, something that has also previously been shown in the liver of HBV-

transgenic mice [38]. Similarly, the HBV-mediated increase in myristate and N-

myristoyltransferase, suggesting a potential mediation of myristoylation by HBV, is 

interesting because of the requirement for myristoylation of L-HBsAg in viral binding to 

hNTCP during infection [39, 40]. Moving forward, these types of individual observations 

could prove to ultimately be equally important during an HBV infection as the larger 

pathway-based findings described here.

Overall, generating a complete understanding of the cellular consequences of an HBV 

infection is critically important. Whether these consequences represent the outcome of direct 

viral regulation of cell signal transduction pathways, or a potential cellular response to viral 

infection, understanding these outcomes represents an important step towards the 

identification of novel therapeutic targets for the treatment of HBV. By establishing this 

profile of HBV-mediated changes to the primary hepatocyte metabolome, our studies expand 

the knowledgebase through the use of broad, “-omics” based datasets. These datasets, at 

both the metabolomic and transcriptomic level, enhance our ability to identify cellular 

pathways altered in the context of replicating HBV, ultimately establishing points of future 

study in the hope of identifying successful targets for therapeutic intervention.
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Highlights

• First global analysis of HBV-mediated changes in the primary hepatocyte 

metabolome

• First global analysis of HBx-mediated changes in the primary hepatocyte 

metabolome

• HBV and HBx alter primary hepatocyte lipid, long-chain fatty acid 

metabolism

• HBV and HBx alter primary hepatocyte glycolysis

• HBV and HBx alter primary hepatocyte glycogen metabolism
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Fig 1. Confirmation of experimental system
A. Experimental setup for primary dataset. B. PRHs were infected with either AdGFP or 

AdHBV, or AdHBx and infection efficiency was determined by monitoring GFP expression 

at 48 hr and 72 hr (24 hr and 48 hr post-infection).
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Fig 2. Confirmation of HBV replication
HBV replication was monitored by Southern blot analysis of HBV core particle-associated 

DNA (A) and western blot for HBV core protein (B). For western blot analysis, β–actin was 

used as a protein loading control. Samples were collected at 72 hr (48 hr after infection). RC 

– relaxed circular DNA, DL – double-stranded linear DNA, SS – single stranded DNA.
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Fig 3. Unbiased sample clustering supports treatment-type distribution
Hierarchical clustering was done to determine overall sample similarity. Sample grouping 

and shorter branches indicates greater sample similarity. Samples are color coded beneath 

the dendrogram to emphasize factors contributing to sample distribution (rat, time, 

treatment-type).
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Fig 4. Total metabolite alterations across experimental groups
A Venn diagram was used to visualize all metabolites significantly altered in AdHBV- and 

AdHBx-infected PRHs compared to AdGFP-infected PRHs at the corresponding time 

points. The center value, 7 metabolites, represents the number of metabolites that are 

significantly altered in all 4 comparisons.
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Fig 5. HBV induces low magnitude, but significant metabolic changes
A volcano plot was used to depict the fold change (x-axis) of all metabolites between 

AdHBV- or AdHBx-infected and AdGFP-infected PRHs compared to the corresponding 

statistical significance of the alteration (y-axis). The horizontal, red dashed line corresponds 

with the threshold for significance (p < 0.05), with fold changes above the line being 

statistically significant and those below the line having a p-value > 0.05. Metabolites within 

the grey box have a low fold change that is not significant, and are considered unchanged. 

Metabolites in the blue boxes have higher fold changes but are considered not significant. 

Metabolites in the yellow box have significant, but low magnitude fold changes. The 

metabolites in the white boxes represent those exhibiting a statistically significant change ≥ 

1.5 fold.
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Fig 6. Metabolite alteration across metabolic super-pathways
The total number (A) and percent (B) of metabolites increased and decreased in each 

metabolic super-pathway is indicated for each experimental comparison. HBV = AdHBV-

infected compared to AdGFP-infected PRHs, HBx = AdHBx-infected compared to AdGFP-

infected PRHs.
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Fig 7. Metabolite changes in the long chain fatty acid sub-pathway
A. Fold changes for indicated metabolites within the long chain fatty acid sub-pathway when 

comparing AdHBV-infected (black bars) or AdHBx-infected (grey bars) PRHs to AdGFP-

infected PRHs at 48 hrs are shown. Significance of the difference of the mean metabolite 

levels between groups, determined by ANOVA, is indicated above the bar (p ≤ 0.05 = **) 

along with values approaching significance (0.05 ≤ p ≤ 0.01 = *). B. Data presented as in A., 

but for the 72 hr time point.
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Fig 8. Metabolite changes in the glycolysis sub-pathway
A. Fold changes for indicated metabolites within the glycolysis sub-pathway when 

comparing AdHBV-infected (black bars) or AdHBx-infected (grey bars) PRHs to AdGFP-

infected PRHs at 48 hrs are shown. Significance of the difference of the mean metabolite 

levels between groups, determined by ANOVA, is indicated above the bar (p ≤ 0.05 = **) 

along with values approaching significance (0.05 ≤ p ≤ 0.01 = *). B. Data presented as in A., 

but for the 72 hr time point.
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Fig 9. Metabolite changes in the glycogen metabolism pathway
A. Fold changes for indicated metabolites within the glycogen metabolism pathway when 

comparing AdHBV-infected (black bars) or AdHBx-infected (grey bars) PRHs to AdGFP-

infected PRHs at 48 hrs are shown. Significance of the difference of the mean metabolite 

levels between groups, determined by ANOVA, is indicated above the bar (p ≤ 0.05 = **) 

along with values approaching significance (0.05 ≤ p ≤ 0.01 = *). B. Data presented as in A., 

but for the 72 hr time point.
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