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Ablation of Hmgb1 in Intestinal 
Epithelial Cells Causes Intestinal Lipid 
Accumulation and Reduces NASH in 
Mice
Harriet Gaskell,1 Xiaodong Ge,1 Romain Desert,1 Sukanta Das,1 Hui Han,1 Daniel Lantvit,1 Grace Guzman,1 and Natalia Nieto 1,2

Nonalcoholic steatohepatitis (NASH) is a metabolic disorder in which poor nutrition and the gut-to-liver interaction 
play a major role. We previously established that hepatic high mobility group box-1 (HMGB1) is involved in chronic 
liver disease. HMGB1 increases in patients with NASH and it is expressed in intestinal epithelial cells (IEC); yet, the 
role of intestinal HMGB1 in the pathogenesis of NASH has not been investigated. Thus, we hypothesized that IEC-
derived HMGB1 could play a role in NASH due to local effects in the intestine that govern hepatic steatosis. Control 
littermates and Hmgb1ΔIEC mice were fed for 1 or 24  weeks a control diet or a high fat, high cholesterol (CHO) 
and fructose-enriched diet (HFCFD). Hepatic and intestinal injury were analyzed. Hmgb1ΔIEC mice were protected 
from HFCFD-induced NASH after 1 or 24  weeks of feeding; however, they showed extensive atypical  lipid droplet 
accumulation and increased concentrations of triglycerides (TG) and CHO in jejunal IEC together with lower TG 
and other lipid classes in serum. Olive oil or CHO gavage resulted in decreased serum TG and CHO in Hmgb1ΔIEC 
mice, respectively, indicating delayed and/or reduced chylomicron (CM) efflux. There was significant up-regulation of 
scavenger receptor class B type 1 (SR-B1) and down-regulation of apolipoprotein B48 (ApoB48) proteins, suggesting 
decreased lipid packaging and/or CM formation that resulted in lesser hepatosteatosis. Conclusion: Ablation of Hmgb1 
in IEC causes up-regulation of SR-B1 and down-regulation of ApoB48, leads to lipid accumulation in jejunal IEC, 
decreases CM packaging and/or release, reduces serum TG, and lessens liver steatosis, therefore protecting Hmgb1ΔIEC 
mice from HFCFD-induced NASH. (Hepatology Communications 2020;4:92-108).

Key features of nonalcoholic fatty liver disease 
(NAFLD) are steatosis and inflammation 
occurring in the absence of alcohol abuse. In 

about 20% of patients, simple fatty liver progresses 
to nonalcoholic steatohepatitis (NASH), identified 
by the presence of significant necroinflammatory 

activity and fibrosis. Unfortunately, NASH can 
progress to cirrhosis and increases the risk of devel-
oping hepatocellular carcinoma. The molecular 
mechanisms responsible for the onset of NAFLD 
and its progression to NASH are still not fully 
understood. Therefore, identification of targets that 
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drive the pathogenesis of NASH would greatly aid 
the development of therapies to treat these patients.

The gut-to-liver axis plays an important role in 
metabolic disorders, including NAFLD.(1,2) The 
intestine and the liver are connected via the por-
tal vein, allowing the passage of nutrients, antigens, 
and bacterial products. The composition of the diet 
and changes in gut permeability are important con-
tributors for the onset and progression of NASH.(3,4) 
Increased intestinal absorption of fatty acids (FA) 
and cholesterol (CHO) from the diet overwhelm the 
storage capacity from the adipose tissue; as a conse-
quence, the liver acts as a reservoir to store the excess 
of lipids. Intestinal epithelial cells (IEC) elicit local 
inflammatory responses that, together with damage 
to the mucosal lining of the gut, cause increased gut 
permeability and escalate the translocation of toxic 
gut-derived products and inflammatory mediators to 
the liver. Abnormal gut permeability is observed in 
patients with NAFLD and promotes liver steatosis, 
inflammation, and fibrosis.(5-7) Targeting gut events 
and/or gut-derived mediators, which could signal to 
the liver, may slow down the progression of NASH.

HMGB1 is a damage-associated molecular pat-
tern that plays an important role in mediating 
inflammatory responses during tissue injury.(8-10) 
HMGB1 is involved in alcoholic liver disease,(11) 
fibrosis,(12) hepatocellular carcinoma,(13,14) and 
drug-induced liver injury,(15) and has been suggested 
to be implicated in NAFLD. Indeed, hepatocytes’ 
HMGB1 expression increases in mice fed a high-fat 
diet.(16) Furthermore, hepatocytes exposed to lipids 
or undergoing cell damage release HMGB1(8,10,11) 
that can bind to numerous receptors on adjacent 
cells to evoke downstream pro-inflammatory and 
pro-fibrogenic processes.(12,17,18) This literature sug-
gests a role for HMGB1 in modulating the response 
of the liver to high lipid contents.

Moreover, following local injury, IEC secrete 
HMGB1 as a danger signal(19) that could further act 
as a mediator of enteric inflammation in NAFLD.(20) 
Notably, HMGB1 modulates gut permeability in exper-
imental endotoxemia.(21,22) Despite this, there is little 
investigation on the role of IEC-derived HMGB1, its 
local effects in the intestine, and the communication 
between the gut and the liver in the setting of NASH. 
It is likely that this important proinflammatory protein 
plays a pathogenic role in both the gut and the liver 
during NASH.

In this study, we hypothesized that IEC-derived 
HMGB1 could play a role in NASH due to local effects 
in the intestine that govern hepatic steatosis. To investi-
gate this, we generated mice with conditional ablation of 
Hmgb1 in IEC (Hmgb1ΔIEC) and fed them a high-fat, 
high-cholesterol and fructose-enriched diet (HFCFD) 
mimicking the western diet, which has been proven 
to recapitulate the symptoms of human NASH.(23-25) 
We found that the livers from Hmgb1ΔIEC mice were 
protected from NASH after both short-term and 
long-term feeding. This protection resulted from up- 
regulation of scavenger receptor class B type 1 (SR-B1) 
and down-regulation of apolipoprotein B48 (ApoB48) 
that lead to lipid accumulation in IEC, decreased chylo-
micron (CM) packaging and/or release, reduced serum 
TG, and lessened liver steatosis.

Materials and Methods
INDUCTION OF NASH

We used a diet containing 40% Kcal from fat 
(mostly partially hydrogenated corn oil), 20% Kcal of 
fructose, and 2% of CHO (HFCFD, D16010101), 
or a control diet containing 10% Kcal of fat (CD, 
D09100304) with additional calories balanced by  
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corn starch. Both diets were purchased from Research 
Diets (New Brunswick, NJ) and are a well-established 
model to induce NASH.(23-25) Mice were allowed free 
access to the diets and were sacrificed at 1  week or 
24 weeks in the fed state. Supporting Fig. S1A shows 
a schematic of the experimental design. Blood was 
collected from the submandibular and portal vein 
under isoflurane anesthesia, mice were then sacri-
ficed, organs harvested, images of liver and gut cap-
tured, liver and gut weight recorded, and gut length 
measured. Gut permeability was analyzed by gavag-
ing mice with 40  mg/mL of fluorescein isothiocya-
nate (FITC)-Dextran 4 kDa (Sigma, St. Louis, MO) 
and measuring the fluorescence in portal serum after 
6 hours.

MICE
The Hmgb1fl/fl mice were donated by Dr. Timothy 

R. Billiar (University of Pittsburgh, Pittsburgh, 
PA). The Hmgb1loxP allele was created by inserting 
loxP sites within introns 1 and 2 flanking exon 2 of 
Hmgb1.(26) The Hmgb1fl/fl mice were bred with Villin 
(Vil1)-Cre mice (B6.Cg-Tg[Vil1-cre]997Gum/J, 
Stock No. 004586; Jackson Laboratory, Bar Harbor, 
ME) to generate IEC-specific (Hmgb1ΔIEC) mice. 
Control littermates (Hmgb1fl/fl−/− Vil-Cre+ and 
Hmgb1fl/fl+/+ Vil-Cre-), referred to as wild type (WT) 
on the text for simplicity purposes only, were used in 
all experiments. First, each Cre mouse line that had 
not been crossed to any fl/fl mouse line was used to 
control for Cre-induced recombination at cryptic lox 
sites in the genome; and second, each fl/fl mouse line 
that had not been crossed to any Cre mouse line was 
used to control for the effects of introducing loxP 
sites into the intron regions of the gene of interest. 
All loxP-flanked (floxed) strains were rederived using 
C57BL/6J oocytes donors. All mice lacked a liver or 
intestinal phenotype in the absence of any treatment.

STUDY APPROVAL
All animals received humane care according to the 

criteria outlined in the Guide for the Care and Use of 
Laboratory Animals prepared by the National Academy 
of Sciences and published by the National Institutes 
of Health. Housing and husbandry conditions were 
approved by our Institutional Animal Care and Use 
Committee office prior to initiating the studies. All 

in vivo experiments were carried out according to the 
ARRIVE guidelines.

STATISTICAL ANALYSIS
Data are expressed as mean  ±  SEM. Data were 

analyzed for normal distribution and then subject to 
either an unpaired t test or Wilcoxon test if normally 
or not normally distributed, respectively. The metab-
olomics and lipidomics data were normalized to the 
respective injection standards in positive or negative 
mode. Data were then subject to generalized linear 
model analysis in R software, including an interac-
tion term to compare the effects of both variables in 
the study. A pairwise t test was then performed, and 
metabolites with a P < 0.05 were plotted in a heatmap 
with hierarchical clustering.

Results
Hmgb1ΔIEC MICE ARE  
PROTECTED FROM 
HFCFD-INDUCED HEPATIC 
STEATOSIS AND INFLAMMATION 
AFTER 1 WEEK

To determine the possible role of IEC-derived 
HMGB1 in the early stages of NASH, we ablated 
Hmgb1 in IEC and then fed these mice with the 
CD and HFCFD for 1  week. Hmgb1 was success-
fully deleted from IEC as shown on immunohisto-
chemistry for HMGB1 in the jejunum (Fig. 1A) and 
throughout the length of the small and large intestine 
(Supporting Fig. S2). WT mice fed the HFCFD for 
1 week displayed signs of NAFLD/early NASH such 
as microvesicular and macrovesicular hepatic steato-
sis, localized primarily to zones 1 and 2, and inflam-
mation, resulting in a NASH activity score (NAS) of 
2.48 ± 1.06. Mild hepatocyte ballooning degeneration 
and ductular reaction were also observed in some 
WT mice fed the HFCFD; however, these changes 
were not significant at 1 week. In addition, there was 
no fibrosis in these mice (Fig. 1B,C). The liver-to- 
body weight ratio was increased in WT mice fed the 
HFCFD for 1 week, alongside decreased serum TG, 
CHO, and nonesterified fatty acids (NEFA), and a 
trend of increased liver TG, CHO and NEFA, cor-
roborating the steatosis observed by histology. As 
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commonly observed in patients with NAFLD,(27) 
alanine aminotransferase (ALT) and aspartate amino-
transferase (AST) activities were higher in WT mice 

fed the HFCFD than those fed the CD (Fig. 1D-F). 
Hmgb1ΔIEC mice fed the HFCFD for 1  week were 
protected from hepatic steatosis and inflammation. 
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They displayed no hepatocyte ballooning degenera-
tion, ductular reaction or fibrosis, overall resulting in a 
NAS of 0.05 ± 0.02 (Fig. 1B,C). The increase in body 
weight was higher than that in WT mice, which may 
be explained by accumulation of fat in other organs 
including the intestine and adipose tissue (Fig. 1D). 
There was less liver injury as revealed by lower ALT 
activity (Fig. 1F). No macroscopic differences in adi-
pose tissue mass or phenotype were observed between 
genotypes (data not shown). These data indicate 
that mice lacking Hmgb1 in IEC are protected from 
HFCFD-induced NASH at 1 week. Next, we investi-
gated how this protection is conferred.

Hmgb1ΔIEC MICE DISPLAY 
HFCFD-INDUCED  
ATYPICAL LIPID DROPLET 
ACCUMULATION IN THE  
JEJUNUM AFTER 1 WEEK

Jejunal inflammation, either intraepithelial or in the 
lamina propria, was similar between groups. The duo-
denum, jejunum, ileum, and colon of WT mice fed the 
HFCFD remained healthy and showed similar weight 
and length than when fed the CD (Fig. 2A,B). A small 
number of WT mice displayed lipid droplets (LD) in 
the jejunum, but the frequency and the overall area of 
LD per sample was low (Fig. 2B). Strikingly, Hmgb1ΔIEC 
mice fed the HFCFD displayed extensive LD accu-
mulation in the jejunal IEC, which was confirmed by 
BODIPY (Thermo Fisher Scientific, Waltham, MA) 
FA staining. The LD were both microvesicular and 
macrovesicular and localized primarily to the IEC at 
the tip of the villi, with fewer being found near the 
crypts and some in the lamina propria (Fig. 2A,B). 
LD were not apparent in the IEC of any other 
region of the intestine, reflecting that lipid absorp-
tion occurs primarily in the jejunum(28) (Supporting 
Fig. S3). Increased gut permeability was observed in 
both groups of mice fed the HFCFD compared with 
CD diet, correlating with increased HMGB1 in por-
tal serum, however, there were minimal differences 

between genotypes (Fig. 2C,D). Importantly, while 
TG and CHO were increased in IEC from CD-fed 
Hmgb1ΔIEC, the HFCFD further increased TG, CHO, 
and NEFA compared with WT mice (Fig. 2D). These 
data indicate that deletion of Hmgb1 from IEC leads 
to HFCFD-induced accumulation of TG and CHO-
containing LD in IEC in the jejunum from mice after 
1  week, paralleling the decreased lipid accumulation 
and inflammation in the liver. We next asked whether 
this accumulation of LD in IEC and the related pro-
tection from NASH was conferred long term.

Hmgb1ΔIEC MICE ARE  
PROTECTED FROM HFCFD-
INDUCED NASH AND DISPLAY 
ATYPICAL LD ACCUMULATION IN 
THE JEJUNUM AFTER 24 WEEKS

WT mice fed the HFCFD for 24 weeks developed 
symptoms of advanced NASH with an overall NAS 
of 7.42 ± 0.66. Macrovesicular steatosis localized pri-
marily to zone 1 and microvesicular steatosis to zone 3.  
Inflammation and hepatocyte ballooning degener-
ation were observed across all zones. Chicken-wire 
fibrosis, which is observed in human NASH, as well 
as thickening of fibers around the portal triad, was 
present (Fig. 3A,B). Increased body-weight change 
and liver-to-body weight ratio were observed com-
pared with mice fed the CD, supporting the devel-
opment of a NASH phenotype (Fig. 3C,D). Mice on 
CD also displayed hepatic steatosis and mild inflam-
mation, likely due to the high fat-derived calories of 
the CD; however, the NAS (1.58  ±  0.19) was not 
representative of NASH (Fig. 3A,B). Low density 
lipoprotein (LDL) particles are CHO-rich, whereas 
very low density lipoprotein (VLDL) particles are 
TG-rich. The LDL-to-VLDL ratio was elevated by 
the NASH diet (Fig. 3E). Hmgb1ΔIEC mice fed the 
HFCFD for 24 weeks were protected from NASH, 
as shown by the NAS (5.86 ± 0.49), due to reduced 
steatosis, significantly less ballooned hepatocytes, 
and chicken-wire fibrosis together with thinner scars 

FIG. 1. Hmgb1ΔIEC mice are protected from HFCFD-induced hepatic steatosis and inflammation after 1 week. WT and Hmgb1ΔIEC mice 
were fed the CD or HFCFD for 1 week. (A) Immunostaining for HMGB1 (red) in the jejunum (green arrows: IEC). (B) Hematoxylin 
and eosin (H&E) staining (top) and collagen-I immunostaining of the liver (yellow arrow: steatosis; blue arrow: inflammation).  
(C) Pathology scores. (D) Change in the mouse body weight. (E) Liver-to-body weight ratio. (F) Serum ALT and AST activities; serum 
TG, CHO, HDL, LDL/VLDL, and NEFA levels; liver TG, CHO, and NEFA concentration. Data are expressed as mean ± SEM (n ≥ 8 
mice/group). †P < 0.05 and ††P < 0.01 for HFCFD versus CD; *P < 0.05, **P < 0.01, and ***P < 0.001 for Hmgb1ΔIEC versus WT mice. 
Abbreviations: b.wt., body weight; wk, week.



Hepatology Communications,  Vol. 4, N o. 1,  2020 GASKELL ET AL.

97

FIG. 2. Hmgb1ΔIEC mice display HFCFD-induced atypical LD accumulation in the jejunum after 1 week. WT and Hmgb1ΔIEC mice 
were fed the CD or HFCFD for 1 week. (A) H&E staining (top) and BODIPY FA staining (bottom) of the jejunum (yellow arrows: LD). 
(B) Pathology scores. (C) FITC-Dextran concentration in portal serum indicative of gut permeability. (D) IEC TG, CHO, and NEFA 
and HMGB1 levels in portal serum. Data are expressed as mean ± SEM except for LD frequency, which is shown as the number of cases 
per group (n ≥ 8 mice/group). †P < 0.05, ††P < 0.01, and †††P < 0.001 for HFCFD versus CD; *P < 0.05 and **P < 0.01 for Hmgb1ΔIEC 
versus WT mice.
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FIG. 3. Hmgb1ΔIEC mice are protected from HFCFD-induced NASH and display atypical  LD accumulation in the jejunum after 
24 weeks. WT and Hmgb1ΔIEC mice were fed the CD or HFCFD for 24 weeks. (A) H&E staining (top) and collagen-I immunostaining 
(bottom) of the liver (yellow arrows: steatosis; blue arrows: inflammation; pink arrows: chicken-wire fibrosis; orange arrow: thickening of 
portal triad fibers). (B) Pathology scores. (C) Change in body weight. (D) Liver-to-body weight ratio. (E) Serum ALT and AST activities; 
serum TG, CHO, HDL, LDL/VLDL, and NEFA levels; and Liver TG concentration. (F) H&E staining (top) and BODIPY FA stain 
(bottom) of the jejunum (yellow arrows: LD). (G) LD frequency and percentage, villi length, FITC dextran indicative of gut permeability, 
and HMGB1 levels. Intestinal TG and CHO normalized to protein concentration. Data are expressed as mean ± SEM except for LD 
frequency, which is shown as the number of cases per group (n ≥ 15 mice/group). †P < 0.05, ††P < 0.01, and †††P < 0.001 for HFCFD versus 
CD; *P < 0.05 for Hmgb1ΔIEC versus WT mice. Abbreviation: b.wt., body weight.



Hepatology Communications,  Vol. 4, N o. 1,  2020 GASKELL ET AL.

99

(Fig. 3A,B). Nonetheless, inflammation was compa-
rable between both genotypes. There were no clear 
differences in the number of neutrophils, Kupffer 
cells, and T cells in the livers from each group of 
mice regardless of genotype (Supporting Fig. S4). A 
slight reduction in body-weight change and liver-to-
body weight ratio was observed in the HFCFD-fed 
Hmgb1ΔIEC mice (Fig. 3C,D). There was less liver 
injury as shown by lower ALT and AST activities 
and serum TG compared with the HFCFD-fed WT 
mice (Fig. 3E). Intrahepatic HMGB1 did not con-
tribute to these effects, as there was no difference in 
the expression in both HFCFD-fed groups of mice 
(Supporting Fig. S4).

We next looked into whether these mice had the 
same intestinal phenotype after long-term feeding. The 

duodenum, jejunum, ileum, and colon of WT mice fed 
the HFCFD for 24 weeks displayed no notable signs of 
injury and only a small amount of LD (Fig. 3F,G and 
Supporting Fig. S5). The frequency and quantity of LD 
accumulation in the IEC of Hmgb1ΔIEC mice fed the 
HFCFD for 24  weeks replicated what was observed 
at 1  week, with similar localization (Fig. 3F,G). Gut 
permeability was higher in Hmgb1ΔIEC mice when 
fed the HFCFD than the CD (Fig. 3G). Although 
counterintuitive, HMGB1 in portal serum increased 
in HFCFD-fed Hmgb1ΔIEC compared with WT mice 
(Fig. 3F). Taken together, these results demonstrate 
that mice lacking Hmgb1 in IEC are protected from 
HFCFD-induced NASH after 1  week, which is sus-
tained after long-term feeding for 24 weeks, and paral-
lels increased LD accumulation in jejunal IEC in these 

FIG. 3. Continued.
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mice. Thus, the accumulation of LD in the intestine 
and the decreased steatosis in the liver from Hmgb1ΔIEC 
mice confers protection from NASH. We next asked 
whether alterations in lipid and/or metabolic profiles 
contributed to this protection.

Hmgb1ΔIEC MICE FED THE HFCFD 
DISPLAY ALTERED LIPID PROFILE 
IN PORTAL SERUM AFTER 
24 WEEKS

Untargeted lipidomics was performed in the por-
tal serum from WT and Hmgb1ΔIEC mice fed the 
CD or HFCFD for 24  weeks. Figure 4A depicts a 
heatmap of the lipid classes, showing significant 
changes between the groups. The lipidomics analysis 
revealed differences in clustering between Hmgb1ΔIEC 
mice and WT mice fed the HFCFD, with an over-
all decrease in the lipid pools in Hmgb1ΔIEC mice. 
Specifically, there was a reduction in a large number 
of TGs, phosphatidylcholines (PCs), lysoPCs, phos-
phatidylethanolamines (PEs), lysoPE, plasmanylPE, 
plasmenaylPEs, phosphatidylinositols, some sphingo-
myelins, and sphingosine. Only acylcarnitine 18:1 and 
ceramide d17:1/18:1 were increased in HFCFD-fed 
Hmgb1ΔIEC mice. Overall, the absence of HMGB1 in 
the IEC leads to a reduction in the amount and/or 
subclasses of lipids in the portal blood.

Hmgb1ΔIEC MICE FED THE HFCFD 
DISPLAY ALTERED METABOLIC 
PROFILE IN PORTAL SERUM 
AFTER 24 WEEKS

Next, metabolomics analysis was performed in por-
tal serum from WT and Hmgb1ΔIEC mice fed the CD 
or HFCFD (Fig. 4B). We found that essential amino 
acids such as taurine and l-histidine were increased in 
Hmgb1ΔIEC mice, whereas l-arginine and phenylala-
nine were decreased. There were significant increases 
in aspartate, a non-essential amino acid, other amino 
acids (guanidinoacetate and N-acetyl-dl-glutamic 
acid), and carboxylic acids (succinate, citrate, and isoc-
itrate). There was an increase in the primary bile acid 
taurocholic acid and in the secondary bile acid gly-
cocholic acid, and a decrease in other secondary bile 
acids in the serum of HFCFD-fed Hmgb1ΔIEC mice 
compared with all other groups. Notably, glutathione 

disulphide (GSSG), an indicator of oxidative stress, 
was only up-regulated in HFCFD-fed WT mice but 
was low in Hmgb1ΔIEC mice fed the HFCFD. The 
latter mice showed higher glutathione (GSH) levels. 
Hence, lack of HMGB1 in the IEC alters key metab-
olites, which could possibly account for the protection 
against NASH.

Hmgb1ΔIEC MICE HAVE 
DELAYED AND/OR REDUCED 
CHYLOMICRON RELEASE

We next asked whether a defect in lipid packaging 
and/or CM release was responsible for the atypical LD 
accumulation in HFCFD-fed Hmgb1ΔIEC mice. To 
this end, we analyzed CM release by injecting WT 
and Hmgb1ΔIEC mice with Tyloxapol, to block lipo-
protein lipase, and gavaged them with either 200 µL 
phosphate-buffered saline (PBS), OO, or 2% CHO 
dissolved in OO. Serum TG and CHO were analyzed 
at baseline and over 6  hours to observe the amount 
of gavaged OO or CHO secreted into the systemic 
blood. Hmgb1ΔIEC mice had reduced serum TG over 
time compared to WT mice, as reflected by lower 
area under the curve (AUC) (Fig. 5A top). Similarly, 
when the mice were gavaged with CHO, serum CHO 
was decreased in Hmgb1ΔIEC mice, as shown by the 
reduced AUC (Fig. 5A bottom). Consistently, TG and 
CHO in IEC were increased in Hmgb1ΔIEC mice to 
a greater extent than in WT, after gavage with OO 
or CHO, respectively (Fig. 5B). The jejunum histol-
ogy from mice gavaged with OO, but not with CHO, 
reflected this finding, as there was increased frequency 
and percentage of area occupied by LD in Hmgb1ΔIEC 
compared with WT mice (Fig. 5C,D). These data sug-
gest that CM release is reduced in Hmgb1ΔIEC, result-
ing in LD accumulation in IEC, reduced serum lipids, 
and protection from NASH. We next investigated the 
mechanism by which the defect in lipid absorption, 
packaging, and/or CM release was being affected.

Hmgb1ΔIEC MICE ON THE HFCFD 
HAVE INCREASED SR-B1 AND 
DECREASED ApoB48 PROTEIN 
EXPRESSION IN IEC

Proteins required for efficient lipid transport from 
the diet are CD36 (cluster of differentiation 36), FABP2 
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FIG. 4. Hmgb1ΔIEC mice fed the HFCFD display altered lipid and metabolic profiles in portal serum after 24 weeks. WT and Hmgb1ΔIEC 
mice were fed the CD or HFCFD for 24 weeks. Portal serum was collected following sacrifice, and untargeted lipidomics and metabolomics 
analysis were performed. Peak intensities were normalized to internal standards and subject to generalized linear model analysis; species 
with significant (P < 0.05) differences in peak intensity between genotype or diet are plotted in a heatmap with hierarchical clustering; 
intermediates are separated by lipid classes or molecule type. Lipidomics data are plotted in (A) and metabolomics in (B) (green: low; red: 
high). (C) GSH levels in IEC at 1 week and 24 weeks of feeding the CD or HFCFD. Data are expressed as means ± SEM (n ≥ 5 mice/
group). *P < 0.05 for Hmgb1ΔIEC versus WT mice.
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(fatty acid binding protein), NPC1L1 (Niemann-Pick 
C1-like 1) and SR-B1, and packaging is facilitated 
by MOGAT2 (2-acylglycerol O-acyltransferase 2), 

DGAT (diacylglycerol O-acyltransferase 1), ACAT2 
(acetyl-CoA acetyltransferase 2), and MTP (mic-
rosomal triglyceride transfer protein). Once inside 

FIG. 4. Continued.
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FIG. 5. Hmgb1ΔIEC mice have delayed and/or reduced CM release. WT and Hmgb1ΔIEC mice were fasted overnight and serum was drawn 
to record baseline levels of TG and CHO. Then, mice were injected intraperitoneally with 300 mg/mL of Tyloxapol, and 5 minutes later 
they were gavaged with 200 µL of OO, 2% CHO, or PBS alone. Serum samples were drawn at 1, 2, 4, and 6 hours after gavage. Mice were 
sacrificed at 6 hours, tissues harvested, and IEC isolated for histological and biochemical analyses. (A) Time-course analysis and matching 
AUC of serum TG and CHO. (B) IEC TG and CHO concentration. (C) H&E staining of the jejunum (yellow arrows: steatosis).  
(D) LD frequency and percentage of total area. Data are expressed as means ± SEM except for LD frequency, which is shown as the number 
of cases per group (n ≥ 3 mice/group). †P < 0.05 and †††P < 0.001 for OO or CHO versus PBS; *P < 0.05 for Hmgb1ΔIEC versus WT mice.
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the IEC, CE and TG are assembled with ApoB48, 
through interaction with MTP in the endoplasmic 
reticulum. Thereafter, CM are exported to the cis-
Golgi by pre-CM transport vesicles, before being 
targeted to the enterocyte basolateral side to enter 
the systemic circulation via the thoracic duct.(29,30) 
Thus, we analyzed the expression of these proteins 
by western blot (Fig. 6) and/or quantitative real-time 

polymerase chain reaction (Supporting Fig. S6) at 
1  week of feeding the HFCFD. Of all the proteins 
analyzed, there was a significant increase in SR-B1 
and a decrease in ApoB48 protein along with a minor 
decrease in Mttp messenger RNA in IEC from 
HFCFD-fed Hmgb1ΔIEC compared with WT mice 
(Fig. 6A and Supporting Fig. S6). These results indi-
cate that Hmgb1 deletion from IEC increases SR-B1, 

FIG. 6. Hmgb1ΔIEC mice on the HFCFD have increased SR-B1 and decreased ApoB48 protein expression in IEC. WT and Hmgb1ΔIEC 
mice were fed the CD or HFCFD for 1 week, and IEC were isolated. (A) Western blot analysis for ACAT2, ApoB48, FABP2, MOGAT2, 
MTP, and immunoprecipitation followed by western blot for SR-B1 normalized to actin or calnexin. Data are expressed as means ± SEM 
(n ≥ 3 mice/group). †P < 0.05 for HFCFD versus CD; *P < 0.05 for Hmgb1ΔIEC versus WT mice. (B) Proposed mechanism by which 
HMGB1 is delaying and/or reducing CM release: In Hmgb1ΔIEC mice fed the HFCFD, SR-B1 is increased and ApoB48 expression is 
significantly decreased, whereas Mttp (encoding MTP) is only slightly down-regulated. This contributes to increased absorption of CHO 
and hinders the packaging of TG and CHO to form CM, thereby diminishing CM efflux. This results in lower lipid classes in serum and 
hence less hepatosteatosis. Abbreviations: IP, immunoprecipitation; MAG, monoacylglycerol.
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which facilitates the selective uptake of CHO, and 
lowers the ApoB48 protein, which disrupts the pack-
aging of TG and CHO into CM, resulting in accu-
mulation of TG and CHO in IEC and a reduction 
in the amount and/or subclasses of lipids in serum, 
thereby protecting these mice from NASH (Fig. 6B, 
working model). These data highlight an important 
and previously unknown role for intestinal HMGB1 
in lipid transport.

Discussion
HMGB1 participates in chronic liver disease,(31) pri-

marily due to its proinflammatory role; however, until 
now, the precise mechanism by which HMGB1 acts in 
NASH was unknown. Because HMGB1 increases in 
patients with NASH,(32) it is highly expressed in IEC 
and intestinal immune cells, and the gut-to-liver axis 
plays a key role in metabolic disorders such as NASH, 
hence, we hypothesized that IEC-derived HMGB1 
could play a role in NASH due to local effects in the 
intestine that govern hepatic steatosis.

To investigate this, we generated a conditional null 
mouse of Hmgb1 in IEC, the cells responsible for the 
absorption of dietary nutrients and transport into the 
circulation, as well as for acting as a barrier to pre-
vent the passage of dangerous pathogens or molecules 
to the liver. To induce NASH, we used a HFCFD, 
shown to depict key features of human NASH.(23-25)  
In this study, we recapitulated the early and the 
well-established NASH phenotype after 1  week and 
24 weeks, respectively, of feeding mice this diet.

Overall, our data suggest that IEC-derived HMGB1 
is involved in the pathogenesis of NASH, primarily 
because of its local effects in the intestine that, as a 
consequence, lessen hepatosteatosis. First, we found 
that HMGB1 plays a role in the initiation and/or  
progression of NAFLD to NASH, as deletion of the 
gene from IEC was protective from HFCFD-induced 
liver steatosis and inflammation in mice as early as 
1  week. Second, we observed atypical LD accumula-
tion in jejunal IEC from Hmgb1ΔIEC mice. This phe-
notype has been previously observed in mice and in 
patients with defects in lipid absorption, packaging, 
and/or CM secretion.(33,34) In severe cases, this causes 
malnourishment, as nutrients are unable to reach vital 
organs(35); however, in our study, this led to a modest 
decrease in the amount of lipids reaching the liver.

Lipidomics analysis revealed that numerous TGs 
and other lipid classes (i.e., PCs, lysoPCs, PEs, lys-
oPEs, plamanylPE, plasmenaylPEs, phosphatidy-
linositols, sphingomyelins, and sphingosine) were 
reduced in the serum of HFCFD-fed Hmgb1ΔIEC 
mice. Serum PCs are significantly increased in 
patients with NASH.(36) Importantly, it has been 
described that treatments to reduce the PC-to-PE 
ratio in the liver protect against the development of 
hepatic insulin resistance.(37) LysoPC is a death effec-
tor in the lipoapoptosis of hepatocytes.(38) In NASH, 
the diacylglycerol (DAG) that is normally consumed 
to produce PEs by the CDP-ethanolamine pathway 
is instead converted to TGs, promoting LD forma-
tion.(39) Sphingomyelins produce DAG and have a 
role in cell apoptosis by hydrolyzing into ceramide.(40) 
When lipid rafts are depleted of sphingomyelins, this 
leads to insulin sensitivity.(41) Despite these findings 
that may have protected the livers from HFCFD-
fed Hmgb1ΔIEC mice, we also found that acylcarni-
tine (18:1) and ceramide (17:1/18:1) were elevated. 
Although these mice presented less hepatosteatosis, 
mitochondrial function eventually failed with progres-
sion to NASH, leading to increased acylcarnitine.(42) 
Likewise, disruption in phospholipid metabolism may 
have occurred as in human NASH.(43)

Our findings lead us to postulate that Hmgb1 dele-
tion could cause a defect in lipid absorption, packag-
ing, and/or CM release, leading to accumulation of 
lipids within IEC and, as a result, decreased levels 
in serum. HFCFD-fed Hmgb1ΔIEC mice presented 
increased SR-B1 protein expression, which facilitated 
CHO uptake; however, they had inefficient transport 
of CHO or TG from the intestine into the serum 
compared with WT mice. ApoB48, responsible for 
the packaging of TG and CHO into CM, was sig-
nificantly down-regulated. This, in turn, reduced CM 
formation and/or release, lowering serum lipids.

These results are, to a certain degree, unexpected, 
as HMGB1 has a well-established role in inflamma-
tion, the key reason for its involvement in other liver 
disorders as previously described by us,(11,12) which 
formed the basis for our preliminary hypothesis. 
Despite our initial prediction that HMGB1 could be 
involved in NASH development due to its modula-
tion of liver and gut inflammation, we in fact found 
little change in portal blood HMGB1 and gut perme-
ability between WT and Hmgb1ΔIEC mice; hence, it 
was unlikely that intestinal HMGB1 was a key signal 
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in the portal blood driving NASH. Indeed, it is pos-
sible that IEC-derived HMGB1 was not secreted to 
the portal blood. The source of portal blood HMGB1 
may have been local immune cells that increased its 
expression with disease progression or the presence of 
more immune cells. It appears that removal of IEC-
derived HMGB1 reduces hepatic lipid accumula-
tion and inflammation in the early stages of NASH, 
neither per se nor due to increased translocation of 
dangerous products from the gut as anticipated, but 
primarily because of a decreased availability of lipids 
for storage. Accordingly, HMGB1 had a dominant 
local effect in the intestine. We also found that the 
protection conferred in Hmgb1ΔIEC mice in the later 
stages of NASH had a negligible effect on inflamma-
tion, indicating that the observed fibrosis was driven 
mostly by lipid-induced hepatocyte damage and/or 
ballooning degeneration rather than by inflammation. 
Likewise, Hmgb1 deletion was protective by modulat-
ing hepatic lipid content.

In addition, key metabolites were found to be 
increased (i.e., l-lysine and taurine) or decreased 
(i.e., l-arginine and phenylalanine) in HFCFD-fed 
Hmgb1ΔIEC mice. Lysine levels are essential to main-
taining carnitine homeostasis, which is involved in 
long-chain fatty acid oxidation.(44) Taurine is a bio-
synthetic precursor to the bile salts sodium tauro-
chenodeoxycholate and sodium taurocholate. Taurine 
reduces the secretion of apolipoprotein B100 and lip-
ids in HepG2 cells,(45) has a blood CHO-lowering 
effect in young overweight adults,(46) and acts as a 
glycation inhibitor.(47) All of these may have con-
tributed to the protective phenotype in HFCFD-fed 
Hmgb1ΔIEC mice.

Moreover, the primary bile acid taurocholic acid 
and the secondary bile acid glycocholic acid were 
increased in HFCFD-fed Hmgb1ΔIEC mice, which are 
involved in regulating CHO homeostasis. Therefore, 
these intermediates may participate in protecting the 
livers of Hmgb1ΔIEC mice from the effects of the 
HFCFD. Although speculative, the lack of HMGB1 
may have conveyed these changes to the secondary 
bile acid pool by changing the composition of the 
gut microbiota. Dysbiosis in itself can alter lipid 
metabolism by affecting the synthesis of short-chain 
FAs,(5,48) the activity of lipoprotein lipase,(49) gut per-
meability, and intestinal inflammation. Further inves-
tigation into the interaction of HMGB1 with the 
microbiome in metabolic disorders would be worth 
pursuing.

An interesting observation in this study is that 
GSSG levels were decreased and GSH elevated in 
IEC over time, suggesting that Hmgb1ΔIEC mice may 
be protected from HFCFD-induced oxidative stress, 
despite not observing much prevention of increased 
gut permeability in addition to displaying atypical 
LD accumulation. Indeed, it has been described that 
blockade of HMGB1 protects the intestine, where 
it not only relieved the oxidative stress, but also the 
gut barrier dysfunction and microbiome changes in a 
rodent model of acute necrotizing pancreatitis.(50)

In conclusion, our study suggests that ablation 
of Hmgb1 in IEC has a local effect in the intestine 
that results in up-regulation of SR-B1 and down- 
regulation of ApoB48, leads to lipid accumulation 
in IEC, decreases CM formation and/or release, 
reduces serum TG, and lowers liver steatosis, thereby 
protecting Hmgb1ΔIEC mice from HFCFD-induced 
NASH. Further studies are needed to dissect how 
HMGB1 modulates SR-B1 and ApoB48 pro-
tein expression and to identify potential targets for 
NASH treatment.
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