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Abstract

Endothelial cells play an essential role in inflammation through synthesis and secretion of 

chemoattractant cytokines and expression of adhesion molecules required for inflammatory 

cell attachment and infiltration. The mechanisms by which endothelial cells control the pro-

inflammatory response depend on the type of inflammatory stimuli, endothelial cell origin, 

and tissue involved. In the present study, we investigated the role of the transcription factor 

c-Myc in inflammation using a conditional knockout mouse model in which Myc is specifically 

deleted in the endothelium. At a systemic level, circulating monocytes, the chemokine CCL7, 

and the extracellular-matrix protein osteopontin were significantly increased in endothelial c-Myc 

knockout (EC-Myc KO) mice, whereas the cytokine TNFSF11 was downregulated. Using an 

experimental model of steatohepatitis, we investigated the involvement of endothelial c-Myc in 
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diet-induced inflammation. EC-Myc KO animals displayed enhanced pro-inflammatory response, 

characterized by increased expression of pro-inflammatory cytokines and leukocyte infiltration, 

and worsened liver fibrosis. Transcriptome analysis identified enhanced expression of genes 

associated with inflammation, fibrosis, and hepatocellular carcinoma in EC-Myc KO mice relative 

to control (CT) animals after short-exposure to high-fat diet. Analysis of a single-cell RNA-

sequencing dataset of human cirrhotic livers indicated downregulation of MYC in endothelial cells 

relative to healthy controls. In summary, our results suggest a protective role of endothelial c-Myc 

in diet-induced liver inflammation and fibrosis. Targeting c-Myc and its downstream pathways in 

the endothelium may constitute a potential strategy for the treatment of inflammatory disease.
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1 ∣ INTRODUCTION

Endothelial cells play an essential role in the regulation of inflammation. As the innermost 

layer of blood vessels, endothelial cells form an anti-inflammatory and anticoagulatory 

surface under normal circumstances and function as a selective barrier between blood and 

other tissues.1,2 However, during infection, hemodynamic stress, hyperlipidemia, and/or 

hyperglycemia, endothelial cells undergo pro-inflammatory changes that lead to impairment 

of endothelial function and hyperactivation. Enhanced expression of adhesion molecules and 

increased permeability promote the binding of circulating leukocytes to the endothelium 

and infiltration into tissues. Activated endothelial cells also secrete pro-inflammatory 

cytokines and chemokines into the surrounding microenvironment, further contributing to 

the migration and recruitment of inflammatory cells.3,4

The endothelial pro-inflammatory response is largely regulated at transcriptional level and 

by mechanisms determined by the type of inflammatory stimuli, endothelial cell origin, 

and target tissue.4-6 The transcriptional factor c-Myc is a “master regulator” of the genome 

that contributes to the regulation of essential biological processes including proliferation, 

differentiation, metabolism, and cell fate.7-9 Deregulation of c-Myc expression has been 

extensively studied in cancer.9,10 However, little is known about the role of c-Myc in 

the endothelium. To date, most studies have investigated the role of endothelial c-Myc 

in embryonic development and tumor angiogenesis.11-13 We previously reported that c-

Myc plays an essential role in endothelial cells by controlling not only proliferation and 

angiogenesis, but also the expression of inflammatory mediators, suggesting a potential role 

in regulating inflammation.14 c-Myc is downstream of major pro-inflammatory pathways 

and has been shown to regulate the expression of different inflammatory genes.15-19 

However, the specific role of endothelial c-Myc in inflammation has not been fully explored. 

In the present work, we investigated the contribution of endothelial c-Myc to inflammation 

in vivo.
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2 ∣ MATERIALS AND METHODS

2.1 ∣ Animals

All animal experiments were approved by the University of Miami Animal Care and Use 

Committee according to the National Institutes of Health guidelines for the care and use of 

laboratory animals. Knockout mice carrying deletion of c-Myc specifically in endothelial 

cells were generated by crossing mouse lines Cdh5(PAC)-CreERT2 (B6.CBA-Tg(Cdh5-cre/

ERT2)1Rha,20 obtained from Cancer Research Technology Limited (Ximbio) (London, 

UK) through material transfer agreement) and Mycflox/flox (B6.129S6-Myctm2Fwa/Mmjax,21 

obtained from Jackson Laboratory (Bar Harbor, ME, USA), Stock #032046-JAX). Controls 

(CTs) consisted of littermates with identical floxed Myc allele but lacking Cre. In order 

to confirm localization of Cre activity, CT and EC-Myc KO animals were crossed with 

mT/mG Cre reporter mouse line (B6.129(Cg)-Gt(ROSA)26Sortm4(ACTB–tdTomato–EGFP)Luo/

J,22 obtained from The Jackson Laboratory, Stock #007676). Both male and female 

littermates were used in the study for most of the analyses performed as indicated 

throughout the text. Deletion of c-Myc in endothelial cells was induced at 4–5 weeks of 

age by daily intraperitoneal injections of 2 mg tamoxifen (#13258, Cayman Chemical, Ann 

Arbor, MI, USA) for five consecutive days. For diet challenge studies, two weeks after 

the induction of knockout, animals were exposed to a low-fat control- (CTD) or high-fat 

diet (HFD) containing 1.25% cholesterol (#TD.08485 and #TD.02028, respectively, Teklad, 

Indianapolis, IN, USA). Experiments were performed for short- (5 weeks) or long-term 

(22 weeks) for molecular and pathological analysis, respectively. All animals were housed 

on a 12-h light/dark cycle with free access to food and water. At endpoint, animals were 

sedated by intraperitoneal injection of a ketamine-xylazine anesthetic mixture (100 mg and 

10 mg/kg body weight, respectively). Blood samples were collected by cardiac puncture 

and separated for complete blood cell count and serum/plasma analysis. All organs were 

collected and snap frozen in liquid nitrogen or fixed in 10% formalin for molecular and 

pathology assessment, respectively.

2.2 ∣ Complete blood cell count and flow cytometry analysis

Blood samples were collected by cardiac puncture in EDTA-coated tubes and immediately 

submitted to the University of Miami Comparative Pathology Lab for complete blood 

cell count (CBC) (five males and one female per experimental group). Bone marrow was 

harvested by flushing femurs with phosphate-buffered saline and processed for analysis 

of cellular composition by fluorescence-activated cell sorting (five males and five females 

per experimental group). For immunophenotyping, hematopoietic cells were labeled with 

antibody cocktails for long-term hematopoietic stem cells (Lin− Sca-1+ c-Kit+ Flk2− 

CD90low), short-term hematopoietic stem cells (Lin− Sca-1+ c-Kit+ Flk2+ CD90low), 

multipotent progenitors (Lin− Sca-1+ c-Kit+ Flk2+ CD90−), granulocyte-monocyte 

progenitors (Lin− Il7r− c-Kit+ Sca-1− CD34+ CD16/32high), common myeloid progenitors 

(Lin− IL7r− c-Kit+ Sca-1− CD34+ FCRgLow), megakaryocyte-erythroid progenitors (Lin− 

Il7r− c-Kit+ Sca-1− CD34− CD16/32low), lymphoid progenitors (Lin− Thy1.1− Il7r+ c-Kit+ 

Sca-1+), granulocytes (Cd11b+ Ly6G+), erythroid cells (Ly6G− Ter119+), B lymphocytes 

(Ly6G− B220+ CD19+), monocytes/macrophages (CD11b+ F4-80+), T lymphocytes (CD3+ 

CD4+ CD8−/CD3+ CD4− CD8+), and natural killer cells (CD49b+ Nk1.1+). Lin denotes 
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lineage specific markers (CD3, CD45R/B220, CD11b, Ly-6G (Gr-1), and Ter119). Staining 

was performed according to manufacturer's instructions and data were acquired using a 

BD LSR-II analyzer (BD Biosciences, San Jose, CA, USA). Results were analyzed using 

FlowJo software (BD Biosciences) according to the gating strategy in Figure S1. A complete 

list of the antibodies (Invitrogen, Waltham, MA, USA) tested is provided in Supporting 

Information.

2.3 ∣ Lipid analysis

Lipid analysis of plasma and liver samples was outsourced to the Mouse Metabolic 

Phenotyping Center at University of California Davis using assays for lipid extraction from 

livers (#D3301), triglycerides (#D3404), and cholesterol (#D3405).

2.4 ∣ Inflammatory cytokine analysis

Cytokine levels were determined by multiplex analysis of serum samples collected three 

months after induction of c-Myc deletion using a customed designed panel (#LXSAMSM, 

outsourced to R&D Systems, Minneapolis, MN, USA) (only males were tested). In 

experimental diet studies, cytokines were measured in liver lysates using a commercially 

available mouse cytokine array panel (#MD31, outsourced to Eve Technologies, Calgary, 

AB, Canada). Liver lysates were prepared in RIPA buffer supplemented with protease and 

phosphatase inhibitor cocktail (#R0278 and #MSSAFE, respectively, Sigma-Aldrich, St. 

Louis, MO, USA). Both males and females were tested.

2.5 ∣ RNA sequencing analysis

Liver RNA extraction and sequencing were performed by Beijing Genomics Institute 

(Shenzhen, Guangdong, China). RNA quality was tested before sequencing on BGI DNBseq 

platform. The raw sequencing reads were aligned to GRCm38 mouse reference genome 

using a web server BioJupies.23 Genes exhibiting at least 0.5 count per million in at least 

25% of the samples were selected for further analysis in R (version 3.6.1). Differentially 

expressed genes were identified using DESeq2 (version 1.26.0) and genes with a p value 

<.05 and the absolute fold change >1.5 were considered significant.24 Venn diagram analysis 

was performed with Venny 2.1 (https://bioinfogp.cnb.csic.es/tools/venny/index.html). Gene 

ontology analysis was performed using EnrichR.25 Pathway and functional analysis were 

conducted with Ingenuity Pathway Analysis (Qiagen, Hilden, Germany).26 For each 

experimental group, four males and three females were analyzed. Gene expression data 

have been uploaded into the Gene Expression Omnibus database under accession number 

GSE176573. A complete R-script to reproduce the analysis is available at the authors' 

GitHub page (https://github.com/cdorodrigs/AtherogenicPrj).

2.6 ∣ Single-cell RNA sequencing analysis

Using the GSE136103 dataset, cells were integrated, clustered, and dimensionally resolved 

using the R package Seurat as described previously.27,28 Donors consisted of five healthy 

individuals (four males and one female) and five cirrhotic patients (three males and two 

females). Authors of the original article provided tSNE embeddings of all non-parenchymal 
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cells as well as the endothelial cell cluster.29 A complete R-script to reproduce the analysis 

is available at the lead authors' GitHub page (https://github.com/cdorodrigs/AtherogenicPrj).

2.7 ∣ Histology analysis

Formalin fixed liver lobes were embedded in paraffin. Sections (4 μm) were stained with 

hematoxylin and eosin (H&E) for foci count and picrosirius red for fibrosis assessment. All 

slides used for analysis were scanned at 20× using a virtual slide scanner (VS120, Olympus, 

Tokyo, Japan). Image analysis was performed blindly by two independent observers using 

ImageJ software. Inflammation was assessed on H&E-stained slides by counting the total 

number of inflammatory foci and normalization to total tissue area. Results represent the 

average of normalized counts in four lobes. The degree of inflammation was estimated 

based on a scoring system including no inflammation (score 0, no foci/mm2 tissue), mild 

inflammation (score 1, <2 foci/mm2 tissue), moderate inflammation (score 2, 2–8 foci/mm2 

tissue), and severe inflammation (score 3, more than 8 foci/mm2 tissue). Fibrosis was 

assessed by estimation of the percentage of area positive for picrosirius red. Positive staining 

was measured using a color deconvolution plugin in ImageJ in which the red channel 

image was selected for quantification. For immunohistochemistry, paraffin-embedded tissue 

sections were stained with an anti-myeloperoxidase (MPO) antibody (#ab208670, Abcam, 

Cambridge, UK) and an anti-CD68 antibody (#ab125212, Abcam) to identify neutrophils 

and macrophages, respectively. Twenty randomly selected areas of tissue sections were 

photographed using a Zeiss Axioscope (Zeiss, Göttingen, Germany) at 10× magnification 

with five images for each lobe. For quantification, MPO staining was assessed by counting 

the number of positive cells in each image, and CD68 staining was analyzed by estimation 

of the percentage of positively stained area using ImageJ color deconvolution plugin in 

which the brown channel image was selected for quantification.

2.8 ∣ Isolation of endothelial cells

Animal was anesthetized with a ketamine-xylazine solution. The abdomen was opened and 

the intestine was gently moved to the side to expose the inferior vena cava and portal 

vein. A catheter connected to a perfusion pump was inserted into the inferior vena cava 

and the portal vein was cut for outflow drainage. The liver was first perfused with a warm 

(37°C) Hanks solution supplemented with 0.5 mM EGTA until the liver became pale, and 

was then perfused with 50 ml of 0.05% collagenase type IV (#LS004188, Worthington, 

Lakewood, NJ, USA) prepared in Hanks solution supplemented with 3 mM calcium chloride 

for about 10 min. After perfusion, the liver was harvested, transferred to a sterile Petri dish 

containing Hanks solution, and gently pressed with the flat end of a 3 ml syringe plunger 

to release cells. Cell suspension was passed through a 70 μm strainer and centrifuged at 

60 g for 2 min to pellet hepatocytes. The supernatant containing non-parenchymal cells 

was then centrifuged at 500 g for 5 min. The resulting pellet was resuspended in 20 ml of 

17.6% Optiprep solution (prepared in Hanks solution) and 20 ml of 8.2% Optiprep solution 

(prepared in Hanks solution) was carefully layered on top of the cell suspension. The 

gradient was centrifuged at 1400 g for 30 min with minimal acceleration and deceleration. 

Cells at the interface were collected, washed three times with Hanks solution, and labeled 

with an anti-mouse biotinylated CD31 antibody (#558737, BD Biosciences). CD31-labeled 
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endothelial cells were isolated by magnetic sorting using CELLection™ Biotin Binder Kit 

(#11533D, Invitrogen) according to the manufacturer's instructions.

2.9 ∣ Real-time PCR

Total RNA was extracted from CD31-isolated cells with miRNeasy Tissue/Cells Advanced 

Kit (#217684, Qiagen). RNA concentration and quality were determined using a NanoDrop 

2000 spectrophotometer (ThermoFisher, Waltham, MA, USA). cDNA synthesis was 

performed using High-Capacity cDNA Reverse Transcription Kit (#4368814, Applied 

Biosystems, Waltham, MA, USA) according to the manufacturer's instructions. Real-

time PCR was performed on 7500 Real-Time PCR System (Applied Biosystems) with 

Taqman gene expression master mix (#4369514, Applied Biosystems) and probes (Hprt, 
Mm01545399_m1; Myc, Mm00487804_m1; Cdkn1a, Mm04205640_g1). Target gene 

expression was normalized by Hprt. Fold changes were calculated relative to CT group 

by the ΔΔCt method.

2.10 ∣ Statistical analysis

All statistical analysis was performed using SigmaPlot software and p values <.05 were 

considered significant. Unless otherwise noted, data are presented as mean ± standard 

deviation and individual animals are represented by dots in all graphs. Sample numbers 

are indicated in figure legends. For comparison between two groups, we performed Student 

t-test considering two-tailed p-values. Mann–Whitney U test and Welch's t-test were used 

as alternatives when samples did not pass normality test or equal variance test, respectively. 

For comparison among four groups, we performed two-way analysis of variance followed by 

Holm-Sidak post hoc analysis.

3 ∣ RESULTS

3.1 ∣ Endothelial c-Myc knockout promotes systemic inflammation

We previously reported that c-Myc knockdown in human umbilical vein endothelial 

cells (HUVECs) induced expression of cytokines and adhesion molecules involved in 

inflammatory cell adhesion and infiltration. In addition, c-Myc knockdown enhanced 

TNF-α-induced inflammation.14 To investigate the impact of endothelial c-Myc loss in 

inflammation in vivo, we generated a mouse model in which c-Myc is conditionally deleted 

specifically in the endothelium (Figure S2). CBC analysis showed a significant increase in 

monocyte fraction in EC-Myc KO mice by 47.7% relative to CT (11.33 ± 2.80 vs. 7.67 

± 2.66%, p = .045). No significant changes were observed in neutrophil and lymphocyte 

populations (Figure 1A). Complete CBC analysis is presented in Table S1. We performed 

flow cytometry analysis of bone marrow cells to determine whether endothelial c-Myc 

deletion caused alterations in hematopoiesis and did not find significant differences between 

CT and EC-Myc KO groups (Table S2).

We performed multiplex analysis of inflammation markers in serum from CT and EC-Myc 

KO animals using a custom-designed panel. The results showed that loss of endothelial 

c-Myc caused a significant increase in the circulating levels of the cytokine CCL7 and 

the extracellular matrix protein osteopontin by 100% (74 ± 40 vs. 37 ± 19 pg/ml, p = 
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.012) and 41% (197 414 ± 65 967 vs. 139 986 ± 17 031 pg/ml, p = .011), respectively, 

whereas TNFSF11 was significantly decreased by 26% (90 ± 24 vs. 121 ± 21 pg/ml, p = 

.004) (Figure 1B). A summary of all inflammation targets analyzed is presented in Table 

S3. These findings suggest that endothelial c-Myc is involved in the regulation of systemic 

inflammation.

3.2 ∣ Transcriptome analysis of endothelial c-Myc knockout livers after exposure to HFD 
stress suggests enhanced inflammatory response

To further investigate the role of endothelial c-Myc in the context of inflammation, we 

challenged CT and EC-Myc KO mice with a HFD used in studies of nonalcoholic 

steatohepatitis (NASH). This diet promotes hypercholesterolemia and accumulation of 

cholesterol in the liver, triggering inflammation and fibrosis.30 As expected, animals 

developed an increase in liver weight and cholesterol content in both plasma and liver (Table 

S4).

We performed transcriptome analysis on livers from CT and EC-Myc KO mice after short-

term exposure to CTD and HFD. Loss of endothelial c-Myc under CTD had a modest impact 

in gene expression profile (Figure 2A). Exposure to HFD promoted significant changes in 

gene expression profile of both CT and EC-Myc KO mice, and the response was more robust 

in EC-Myc KO group compared to CT (2274 vs. 1269 genes in males and 1382 vs. 737 

genes in females) (Figure 2B). Venn diagram analysis showed high similarity between CT 

and EC-Myc KO mice in response to HFD, with a total of 1107 and 534 common targets 

in male and female animals, respectively. However, a large subset of genes was exclusive to 

EC-Myc KO group relative to CT (1167 vs. 162 genes in males and 848 vs. 203 genes in 

females) (Figure 2C).

Gene ontology analysis of differentially expressed genes showed that inflammation-

associated pathways were among the top biological processes upregulated in both CT and 

EC-Myc KO livers in response to HFD. However, for most of the pathways, the number of 

gene targets and the degree of significance were both higher in EC-Myc KO group (Figure 

3A). We compared the list of differentially expressed liver inflammation-related genes in 

each experimental group after exposure to HFD using Venn diagram analysis. Although both 

experimental groups shared similarities in the context of inflammation (74 and 34 common 

genes in males and females, respectively), EC-Myc KO mice had a much larger list of 

exclusive targets than CT (45 vs. 3 genes in males and 43 vs. 17 genes in females) (Figure 

3B). Interestingly, although male and female EC-Myc KO animals shared some exclusive 

gene targets after HFD exposure such as Plau, S100a4 and Il6ra, we observed a sex-specific 

response in inflammatory gene expression (Figure 3C).

3.3 ∣ Endothelial c-Myc loss exacerbates diet-induced liver inflammation

Our transcriptome findings suggested that EC-Myc KO mice developed a stronger pro-

inflammatory response to HFD diet. Therefore, to investigate a pathophysiological correlate, 

we performed histology analysis of liver sections to assess the degree of inflammation 

after long-term diet exposure (Figure 4A). EC-Myc KO mice showed a higher degree of 

inflammation than CT, with most animals showing moderate or severe inflammation (Score 
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2 and 3). Although both male and female knockout mice showed similar trends, results 

were significant only in females (Figure 4B). To identify the type of infiltrated inflammatory 

cells involved, we performed immunohistochemistry on liver sections for MPO and CD68, 

markers of neutrophils and macrophages, respectively (Figure 4C,E). EC-Myc KO mice 

showed increased neutrophil infiltration in males compared to CT, while macrophage 

infiltration was increased in both male and female EC-Myc KO mice (Figure 4D,F).

We next performed multiplex analysis of inflammation markers in liver lysates from CT 

and EC-Myc KO mice exposed to HFD for a short term to identify potential mediators 

responsible for the increased leukocyte infiltration. Multiple chemokines and cytokines were 

increased in EC-Myc KO liver compared to CT, and the most significant changes were 

observed in EC-Myc KO females (Figure 5). A summary of all cytokines analyzed is 

presented in Table S5.

3.4 ∣ Endothelial c-Myc knockout enhances diet-induced liver fibrosis

Chronic inflammation plays a central role in the development of liver fibrosis. To assess 

the degree of fibrosis, we performed picrosirius red staining of liver tissue sections from 

CT and EC-Myc KO animals after long-term exposure to HFD (Figure 6A). Quantification 

of staining confirmed an increase in fibrosis in EC-Myc KO males (3.03 ± 1.56 vs. 1.92 ± 

0.52% stained area, p = .06) and females (5.50 ± 1.79 vs. 3.76 ± 1.65% of stained area, p = 

.01) relative to CT animals. Females developed higher degree of fibrosis than males in both 

experimental groups (Figure 6B).

Ingenuity pathway analysis of our transcriptome data indicated that HFD exposure altered 

the expression of liver fibrosis-related genes in both CT and EC-Myc KO animals (Figure 

S3A). Venn diagram analysis of liver fibrosis-related genes revealed a much larger list of 

exclusive targets in EC-Myc KO group compared to CT in both male (37 vs. 2 genes) 

and female (37 vs. 13 genes) mice (Figure 6C). Similar to what we found for inflammation-

related genes, male and female EC-Myc KO animals showed a sex-specific gene list, while 

sharing some fibrosis-related targets such as the metalloprotease gene Mmp13, as well as the 

collagen genes Col1a1, Col1a2 and Col3a1 (Figure 6D).

3.5 ∣ Endothelial c-Myc loss promotes liver cancer-related gene expression changes

Ingenuity pathway analysis of our transcriptome dataset also identified top hepatotoxicity 

functions affected by HFD exposure. Among the top five functions identified, liver damage, 

inflammation, and fibrosis were present in both CT and EC-Myc KO mice, although the EC-

Myc KO group showed a larger number of affected genes (Figure S3A). Interestingly, we 

found that EC-Myc KO animals specifically showed functions associated with deregulated 

proliferation: liver hyperplasia/hyperproliferation in males (p = 1.16E-18 vs. 9.94E-05 in 

CT) and hepatocellular carcinoma (HCC) in females (p = 2.95E-15 vs. 3.69E-06 in CT). 

These are highly relevant findings as liver inflammation and fibrosis have been shown to 

increase the risk of liver cancer.31 We compared all experimental groups regarding the list 

of HCC-related genes altered by HFD exposure and found a large subset of genes were 

exclusive to the EC-Myc KO group in both male (142 genes) and female (117 genes) mice 

(Figure S3B). Herein, we once again observed target differences between male and female 
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EC-Myc KO mice despite some shared targets. Among the induced genes exclusive to the 

EC-Myc KO group, several were associated with cell cycle regulation and promotion of 

hyperproliferation, such as Dlgap5, Kif20b, and Ube2c. Other genes have been linked to the 

remodeling of the tumor microenvironment, cell migration, and invasion, such as Vcan and 

Vim. Some of the gene targets were also related to liver inflammation and fibrosis functions, 

indicating possible association with the development of HCC (Figure 7 and Table 1).

3.6 ∣ MYC expression is downregulated in endothelial cells from human cirrhotic livers

NASH is a progressive pathological condition characterized by inflammation and fibrosis, 

ultimately leading to cirrhosis. To determine the clinical relevance of our findings, we 

analyzed a single-cell RNA sequencing dataset of liver non-parenchymal cells from cirrhosis 

patients and healthy individuals.29 Clustering of 66 135 cells revealed 12 cell type-specific 

clusters including endothelia (Figure 8A). Classical endothelial markers PECAM1 and VWF 
were highly expressed in the endothelial cluster (Figure 8B). We analyzed MYC expression 

across all cell types and found that in healthy liver, MYC expression is 1.78-fold (adjusted 

p = .004) higher in male endothelial cells relative to females (Figure 8C). Interestingly, 

endothelial MYC expression was downregulated (−1.62-fold, adjusted p = 1.27E-17) in male 

cirrhotic liver compared to healthy individuals, indicating a possible role of endothelial 

MYC in cirrhosis (Figure 8D).

4 ∣ DISCUSSION

In the present study, we show that c-Myc deficiency in endothelial cells promotes systemic 

inflammation and exacerbates HFD-induced liver inflammation and fibrosis in mice. These 

results are consistent with a previous report by our group showing that c-Myc knockdown 

in HUVECs increased the expression and secretion of inflammatory mediators as well as 

adhesion molecules involved in leukocyte adhesion.14 The current in vivo findings provide 

further support for an essential role of endothelial c-Myc in the regulation of systemic and 

tissue-specific inflammation.

Deregulated c-Myc expression has been correlated with inflammation in different 

experimental disease models, including chronic liver disease and cancer.15-19 However, 

the present study is the first to describe a specific role of c-Myc in endothelial-mediated 

inflammation. Interestingly, in non-endothelial cell types including cancer cells, induction of 

c-Myc has been shown to create a pro-inflammatory microenvironment that can lead to an 

influx of inflammatory cells, promoting tumor growth.15,16 Likewise, in a model of diabetic 

retinopathy, induction of c-Myc in Müller cells was associated with increased secretion 

of IL-1β, TNF-α, and IL-6, while c-Myc knockdown attenuated inflammation and disease 

progression.32 Although the use of different cell types may contribute to the apparently 

conflicting findings, it should also be appreciated that c-Myc regulates gene expression 

through transcriptional activation and repression by interacting with other DNA binding 

proteins in a context specific fashion. Therefore, any imbalance in c-Myc expression may 

compromise delicate homeostatic mechanisms.

Our gene expression profile indicates that EC-Myc KO animals develop a markedly stronger 

response to HFD exposure than CT mice. Inflammation was the top function identified 
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in both experimental groups. However, EC-Myc KO animals displayed an exclusive list 

of genes, some of which have been previously reported to be associated with NASH. 

We were able to confirm that the enhanced pro-inflammatory profile in EC-Myc KO 

mice was also reflected at the protein level. The chemokines CCL11 and CXCL1, which 

were induced in EC-Myc KO animals exposed to HFD, have been previously reported to 

facilitate recruitment of eosinophils and neutrophils, resulting in liver inflammation.33-35 

Among the interleukins significantly upregulated in EC-Myc KO mice, IL-17, a potent 

pro-inflammatory cytokine produced by Th17 cells, has been shown to stimulate other 

liver non-parenchymal cells to produce pro-inflammatory mediators that perpetuate liver 

inflammation.36 A pathological role for IL-17 has been described in different liver diseases 

including NASH.37-39

Chronic inflammation eventually triggers deregulation of repair mechanisms, leading to 

fibrosis.40 Several studies on non-endothelial cell types have correlated induction of c-Myc 

with fibrosis in different tissues.41-44 However, our results show that Myc deletion in 

endothelial cells exacerbates diet-induced liver fibrosis, suggesting a protective role. This 

difference could be simply interpreted as a cell-specific mechanism, but also attributed to 

different stages of injury and repair. As a stress sensor and an essential player in cell fate 

decisions, c-Myc upregulation is likely induced immediately after injury and ultimately 

promotes survival or death.45 In other scenarios in which repair is needed, induction of 

c-Myc sustains self-renewal.18,46 Interestingly, our findings differ from a recent report in 

which Gata4 is deleted specifically in liver sinusoidal endothelial cells (LSECs).47 Using 

gene set enrichment analysis, Winkler et al reported that liver fibrosis was promoted by 

activation of c-Myc-mediated Pdfgb expression in LSECs.47 One of the potential reasons 

for the apparent discrepancy is the use of different genetic models. We used a conditional 

approach to control the timing of endothelial Myc deletion in the endothelium, eliminating 

the impact of developmental defects.11,12 In our model, Myc deletion is driven by the 

Cdh5 promoter, resulting in c-Myc knockout in the entire vasculature. Conversely, Winkler 

et al used a non-inducible model in which Gata4 deletion is triggered during embryonic 

development, resulting in a more severe liver phenotype.48 This is not surprising as GATA4 

has been shown to control liver development, and disruption of sinusoidal structure promotes 

Kupffer and stellate cell activation, ultimately triggering liver fibrosis.49,50 Our EC-Myc 

KO model showed significant pro-inflammatory changes at systemic level, but little impact 

in the liver unless animals were exposed to HFD. Since endothelial cells are highly 

heterogeneous across different tissues and engaged in organ-specific functions, regulation 

of gene expression in the entire endothelium or exclusively in LSECs is not expected to 

confer the same effects.5 In addition to the different models and knockout timing, there 

are significant differences in the diet and exposure time used in the Winkler study that 

could account for the divergent results. In our transcriptome analysis, one of the top genes 

induced by HFD in EC-Myc KO mice was S100a4, a member of the S100 calcium-binding 

protein family. In the liver, S100a4 is expressed by macrophages, and its expression level is 

increased in chronic liver disease and has been linked to fibrosis.51,52

In the context of diet-induced chronic liver disease, our analysis of a single-cell 

RNA sequencing dataset indicates that MYC is downregulated in liver endothelial cells 

from cirrhosis patients relative to healthy individuals, perhaps relating our findings to 
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advanced fibrosis in human disease.29 Sex-stratification of the data indicated that MYC 
downregulation was significant only in males. However, one of the limitations in the analysis 

was the number of female donors relative to males.29 In our experimental model, we found 

that both male and female knockout mice show similar phenotypes after exposure to HFD. 

However, EC-Myc KO females showed an exacerbated response in most of pathological 

parameters analyzed, possibly due to different transcriptome changes induced by HFD. 

Although these sex-specific findings were not confirmed by the human data analysis, they 

are consistent with a recent meta-analysis study reporting that although women have a lower 

risk of steatosis, female patients with nonalcoholic fatty liver diseases have a higher risk of 

advanced fibrosis.53

Chronic liver disease, including NASH, is a risk factor for the development of hepatocellular 

carcinoma (HCC). Of relevance to this, our work identified a large number of genes 

previously reported in HCC exlusively in EC-Myc KO mice after short-exposure to HFD. 

Among the top induced genes, Kif20b, which encodes a kinesin protein, is overexpressed in 

HCC and essential for tumor cell proliferation.54,55 Dlgap5, a cell cycle regulated gene, has 

been identified as a prognostic indicator and potential therapeutic target for HCC.56,57

Our study is limited regarding the identification of cellular and molecular mechanisms by 

which endothelial c-Myc deficiency contributes to liver inflammation, fibrosis, or the risk 

of liver cancer. qPCR analysis of isolated liver endothelial cells showed a strong trend of 

increased Cdkn1a expression in EC-Myc KO group (Figure S2D), indicating a possible 

role of cellular senescence. There is a strong link between senescence, inflammation and 

cancer development.58 We have previously shown that c-Myc knockodown in HUVECs was 

specifically related to a senescence-associated pro-inflammatory phenotype.14 Single-cell 

analysis is an attractive approach that can be used in future studies to understand how loss of 

endothelial c-Myc triggers liver inflammation and fibrosis.

In conclusion, our findings provide evidence that endothelial c-Myc deficiency triggers 

systemic inflammation and suggest a novel protective role of c-Myc in diet-induced chronic 

liver disease. Targeting c-Myc downstream pathways in the endothelium may be a promising 

strategy for the treatment of NASH and other conditions associated with inflammation and 

fibrosis.
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FIGURE 1. 
Endothelial c-Myc knockout promotes systemic inflammation. (A) Monocyte, neutrophil, 

and lymphocyte fraction of total white blood cells analyzed from CT and EC-Myc KO 

complete blood count (n = 6). (B) Multiplex analysis of selected inflammatory mediators in 

serum significantly altered by endothelial c-Myc knockout (n = 11). CT, control; EC-Myc 

KO, endothelial c-Myc knockout. *p < .05, **p < .01
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FIGURE 2. 
Differential gene expression of CT and EC-Myc KO mice after short-term exposure to HFD. 

(A) Volcano plots indicating the number of genes significantly altered in EC-Myc KO mice 

relative to CT under CTD. (B) Volcano plots indicating the number of genes significantly 

altered by HFD exposure in CT and EC-Myc KO livers. (C) Venn diagrams indicating the 

number of genes significantly altered by HFD exposure in CT and EC-Myc KO livers. The 

top panels represent results in males (n = 4) and the bottom panels represent results in 

females (n = 3). CT, control; CTD, low-fat control diet; EC-Myc KO, endothelial c-Myc 

knockout; HFD, high-fat diet
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FIGURE 3. 
Transcriptome analysis of inflammatory pathways in CT and EC-Myc KO liver after short-

term exposure to HFD. (A) Gene ontology analysis of inflammation-related biological 

processes upregulated in male (left panel) and female (right panel) mice by HFD exposure 

in CT and EC-Myc KO liver. Dot size indicates the number of genes. (B) Venn diagrams 

indicating the number of inflammation-related genes in male (top panel) and female (bottom 

panel) mice significantly altered by HFD in CT and EC-Myc KO liver. (C) Heatmaps 

showing inflammation-related genes in male (left panel) and female (right panel) mice 

significantly altered exclusively in EC-Myc KO livers after HFD exposure (n = 3–4). Genes 

marked with black arrows are present in both male and female animals. CT, control; CTD, 

low-fat control diet; EC-Myc KO, endothelial c-Myc knockout; HFD, high-fat diet
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FIGURE 4. 
Loss of endothelial c-Myc enhances HFD-induced leukocyte infiltration in the liver. (A) 

Representative images of H&E-stained liver sections of CT and EC-Myc KO livers after 

long-term exposure to HFD showing inflammatory foci (black arrows). (B) Analysis of 

inflammation degree. Results represent the score value for each individual animal. (C) 

Representative images of immunohistochemical staining for MPO on liver sections of CT 

and EC-Myc KO mice. (D) Quantification of MPO staining. Results represent the number 

of MPO-positive cells per 10× field. (E) Representative images of immunohistochemical 

staining for CD68 on liver sections of CT and EC-Myc KO mice. (F) Quantification of 

CD68 staining. Results represent the percentage of positively stained area relative to total 

tissue area (n = 10–13). Scale bar, 50 μm. CT, control; EC-Myc KO, endothelial c-Myc 

knockout; H&E, hematoxylin and eosin; HFD, high-fat diet; MPO, myeloperoxidase. *p < 

.05
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FIGURE 5. 
Endothelial c-Myc knockout increases inflammatory cytokines in the liver after HFD 

exposure. Multiplex analysis of inflammatory cytokines in liver lysates from CT and EC-

Myc KO mice after short-term exposure to HFD (n = 9–10). CT, control; EC-Myc KO, 

endothelial c-Myc knockout; HFD, high-fat diet. *p < .05, **p < .01, ***p < .001

Qi et al. Page 20

FASEB J. Author manuscript; available in PMC 2024 September 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 6. 
Endothelial c-Myc deletion exacerbates HFD-induced liver fibrosis. (A) Representative 

images of picrosirius red-stained liver sections of CT and EC-Myc KO livers after long-term 

exposure to HFD. Scale bar, 50 μm. (B) Quantification of fibrosis. Results represent the 

percentage of positively stained area relative to total tissue area (n = 8–13). (C) Venn 

diagrams indicating the number of fibrosis-related genes in male (top panel) and female 

(bottom panel) mice significantly altered in control and EC-Myc KO livers after short-term 

exposure to HFD (n = 3–4). (D) Heatmaps showing fibrosis-related genes significantly 

altered in male (left panel) and female (right panel) mice exclusively in EC-Myc KO livers 

after short-term exposure to HFD (n = 3–4). Genes marked with black arrows are present 

in both male and female animals. CT, control; CTD, low-fat control diet; EC-Myc KO, 

endothelial c-Myc knockout; HFD, high-fat diet. *p < .05, **p < .01
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FIGURE 7. 
Analysis of HCC-related genes in EC-Myc KO liver after short-exposure to HFD. Venn 

diagrams indicating the number of inflammation, fibrosis, and HCC-related genes in male 

(left panel) and female (right panel) mice significantly altered by HFD exclusively in 

EC-Myc KO livers (n = 3–4). Genes marked in blue are present in both male and female 

animals. EC-Myc KO, endothelial c-Myc knockout; HCC, hepatocellular carcinoma; HFD, 

high-fat diet
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FIGURE 8. 
MYC expression is downregulated in endothelial cells from human cirrhotic livers. (A) An 

integrated t-stochastic neighbor embedding (tSNE) plot of the GSE136103 dataset, showing 

cell type specific clusters of uninjured and cirrhotic livers (n = 5). Endothelial cluster in 

light blue is outlined. Inset shows the sample split based on sex. (B) tSNE plots showing the 

expression of classical endothelial markers PECAM1 and VWF to be high in the endothelial 

cluster. (C) Violin plots showing normalized RNA expression of MYC across all cell types 

separated based on sex in both uninjured and cirrhotic non-parenchymal liver cells. (D) 

Violin plots showing normalized RNA expression of MYC between uninjured and cirrhotic 

endothelial cells. A total of 66 135 cells are shown across 12 clusters. ILCs, innate lymphoid 

cells; MPs, mononuclear phagocytes; pDCs, plasmacytoid dendritic cells
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