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Abstract
Dietary palmitic acids (PAs) promote liver �brosis in patients with non-alcoholic steatohepatitis (NASH).
This study aimed to clarify the intestinal absorption kinetics of dietary PAs and the effect of trans-portal
PAs on the activation of hepatic stellate cells (HSCs) involved in liver �brosis in patients with NASH. First,
we found that the concentration of blood PAs after meals was signi�cantly increased in NASH patients
compared to control patients (P < 0.01). Second, gene expressions associated with fat absorption and
chylomicron formation, such as CD36 and MTP, were signi�cantly increased in the intestine of the NASH
model rats fed a high-fat-cholesterol diet compared to control rats. Furthermore, portal PA levels after
meals in the NASH model rats were signi�cantly higher compared to control and non-alcoholic fatty liver
(NAFL) rats (P<0.01). Third, PA injection via the portal vein to the liver in control rats increased the mRNA
levels associated with the activation of HSCs and the expression of α-SMA in liver tissues. 

Our study showed an increased intestinal absorption of dietary-derived PA in NASH. The rapid increase in
PAs via the portal vein to the liver may activate HSCs and affect the development of liver �brosis in
NASH. 

Introduction
Non-alcoholic fatty liver disease (NAFLD) is a chronic liver disease in which about 20% of patients
develop non-alcoholic steatohepatitis (NASH) with hepatitis and �brosis1. Some NASH patients develop
cirrhosis and hepatocellular carcinoma with a poor prognosis, the prevalence of which is increasing
worldwide. Fatty acids (FAs) play an important role in the pathogenesis of NASH. Long-chain fatty acids
(LCFAs) induce lipid deposition, in�ammation, and reactive oxygen species (ROS) production in the
liver2,3. In particular, palmitic acid (PA) shows strong lipotoxicity for the liver4,5. Dietary FAs and intestinal
chylomicrons (CMs) are one of the major sources of PAs in NASH6,7.

Previous studies have shown that the intestinal absorption of 13C-labeled palmitate was signi�cantly
higher in patients with NASH than in healthy controls, and a strong association with clinical parameters
related to hepatic steatosis and �brosis in the early stage of NASH has been reported8. Another study
reported the increased absorption of dietary PAs in patients with cirrhosis9. Liver �brosis is mediated by
activated hepatic stellate cells (HSCs) during tissue repair10. However, the association between dietary
PAs and HSCs in the pathogenesis of NASH remains unknown. We hypothesized that the over�ow of
dietary PA to the liver affects the HSCs in NASH.

In this study, we identi�ed the mechanism of increased intestinal PA absorption using a NASH model rat
and evaluated the effect of dietary PAs via the portal vein on the activation of HSCs in NASH. 

Materials And Methods
Human subject
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Experimental procedures were performed in accordance with the approved guidelines. Thirty-nine healthy
subjects and 41 NASH patients were enrolled between January 2012 and August 2015. The study was
performed using a protocol approved by the Institutional Review Board of Ehime University Hospital
(approval number: 1407006). All enrollees in the study received informed consent, and the protocol of the
study followed the guidelines of the Declaration of Helsinki.

FA analysis

All subjects received blood samples during hospitalization at the time of fasting and 2 hours after
breakfast intake. Serum was collected from the blood, and serum FA concentrations were measured by
gas chromatography, and the relative change in FA was calculated according to Equation 1

Relative change = FA concentration after a meal / fasting FA concentration (1)

Animals

Eight-week-old male Sprague Dawley (SD) rats (CLEA Japan, Tokyo, Japan) were maintained in a 12-hour
light/dark cycle. The disease model rats were bred according to published methods41. Rats were
randomly assigned to three groups and fed the assigned diets for 18 weeks as follows: (1) the control
group fed MF normal diet (MF; Oriental Yeast, Tokyo, Japan), (2) the NAFL group fed a high-fat diet (HFD)
(68% MF, 30% palm oil, 2% cholic acid), and (3) the NASH group fed a high-fat high-cholesterol diet
(HFCD) (68% MF, 27.5% palm oil, 2.5% cholesterol, 2% cholic acid). Animals were allowed ad libitum
access to water. All procedures were approved by the Ehime University Animal Care Committee. All
studies were performed in compliance with ARRIVE guidelines.

Determination of lipid and FA absorption and chylomicron production

All rats fasted overnight before the procedure. Cannulas were placed in the portal vein and duodenum
under iso�urane anesthesia. The rats were then infused with the lipid emulsion at a rate of 3 mL/h into
the duodenum. The emulsion consisted of 12.5 μmol glycerol tripalmitate (Wako, Osaka, Japan), 57 μmol
sodium taurocholate, and 7.8 μmol phosphatidylcholine in 3 mL of PBS. Triton WR-1339 (0.5 g/kg)
(Tyloxapol; Sigma–Aldrich Co, St. Louis, MO, USA) was administered 20 min after beginning the emulsion
infusion. Blood was collected from the portal vein every 30 min for 3 h. Plasma triglyceride (TG) levels
were measured using enzymatic kits (Triglyceride E-test; Wako, Osaka, Japan). Plasma CM levels were
measured using high-performance liquid chromatography (HPLC) (LipoSEARCH; Skylight Biotech, Akita,
Japan). Plasma PA levels were measured using gas chromatography.

Determination of coe�cient of intestinal lipid absorption

Twenty-four-hour stools were collected, and the 24-h dietary intake of meals was measured. Lipids in
stool and feed were extracted using the Blight and Dyer method42, and their respective lipid contents were
determined. Lipid absorption coe�cient (LAC) was calculated according to Equation 2:



Page 5/19

FA absorption after glucagon-like peptide-2 (GLP-2) administration

After overnight fasting, plasma GLP-2 concentrations were measured using a rat GLP-2 ELISA kit
(Yanaihara Institute, Fujinomiya, Japan). After overnight fasting, control rats were infused with the lipid
emulsion at a rate of 3 mL/h into the duodenum, and Triton WR-1339 (0.5 g/kg) with or without the GLP-2
analog (0.25 mg/kg) (Bachem, Bubendorf, Switzerland) was administered after 20 min. We collected
blood from the portal vein every 30 min for 3 h and measured plasma TG levels.

Identi�cation of genes involved in lipid and FA absorption

To analyze the expression of genes involved in lipid and FA absorption in the intestine, real-time PCR and
western blot analysis were performed using jejunal tissues.

Measurement of liver �brosis markers after portal administration of PA

PA (0.0256 μg) was added to 1,000 μL 99% ethanol to prepare solution (A). Next, 1.0 g bovine serum
albumin (BSA) was mixed with 9 mL water and 40 μL 1N NaOH solution (B). We then added 100 μL
solution (A) to 900 μL solution (B) to prepare the PA solution. One milliliter PA solution was administered
to the portal vein of rats under anesthesia. Liver tissues were collected 24 h after the administration, and
the expression of liver �brosis markers was determined.

Real-time PCR

RNA was extracted from the jejunum and liver using a RNeasy Plus mini kit (Qiagen, Hilden, Germany).
Reverse transcription reactions were performed using the high capacity cDNA reverse transcription kit
(Thermo Fisher Scienti�c, Waltham, MA, USA). Real-time PCR was performed using the LightCycler 480II
(Roche Diagnostics, Mannheim, Germany). The primer sequences used are provided in Supplementary
Table 2. Gene expression data were normalized to the expression of the b-actin and expressed as a ratio
of the values obtained in control rats.

Western Blotting

Rat jejunal tissue proteins were run on Mini-PROTEAN TGX 7.5% stain-free gels (Bio-Rad, California, USA)
and transferred to Immuno-Blot low �uorescence polyvinylidene �uoride (PVDF) membranes. Stain-free
technology (Bio-Rad) was used to determine equivalent loads. Membranes were visualized using the
ChemiDoc Touch imaging system (Bio-Rad). Quanti�cation was performed using ImageLab 5.0 software
(Bio-Rad). Bands were normalized to total protein, as previously reported43. The following antibody was
used to detect CD36: CD36 (LSBio #LS-B662).

Assessment of liver �brosis
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Liver tissues were stained with hematoxylin and eosin (H&E). The tissue was then stained with Sirius Red
in picric acid to assess liver �brosis.

Immunohistochemical staining

Formalin-�xed and para�n-embedded rat liver tissues were used. Immunostaining was performed using
polyclonal α-smooth muscle actin (α-SMA) (1:200; Thermo Scienti�c # RB-9010) as the primary antibody;
and MAX-PO(R) (Nichirei #414181) was used as the secondary antibody. After immunostaining, the
colors were developed using 3,3 -diaminobenzidine (DAB) chromogen, and the tissues were evaluated.

Statistical analysis

Results are presented as mean ± standard deviation (SD). Statistical analyses were performed using post
hoc Mann–Whitney U test, unpaired Student’s t-test, paired t-test, and one-way analysis of variance
(ANOVA), followed by Tukey’s multiple comparison test. All statistical analyses were performed using R
(The R Foundation for Statistical Computing, Vienna, Austria).

Results
Serum PA levels are increased in NASH patients after meals.

The patient background is shown in supplemental Table 1. First, we measured the relative change in FA
level in serum before and after meals. Only the relative change in saturated fatty acids (SFA) was
signi�cantly increased in NASH patients compared to controls (p < 0.01, Fig. 1A). From this result, we
measured the relative change in each fraction of SFA and found that among the SFAs, only the change in
PA was signi�cantly increased (p < 0.01, Fig. 1B).

NASH rats exhibit liver �brosis and HSCs activation

We performed experiments using Sprague Dawley (SD) normal rats and non-alcoholic fatty liver (NAFL)
rats fed a high-fat diet (HFD) and NASH rats fed a high-fat-cholesterol diet (HFCD). First, we performed
H&E staining, Sirius Red staining, and immunostaining for α-SMA in liver tissues to evaluate fat
deposition and liver �brosis in each group. We then performed RT-PCR analysis of genes related to the
activation of HSCs. Fat deposits were observed in the livers of NAFL rats and NASH rats; however, the
degree of fat deposition was more signi�cant in NASH rats than in NAFL rats (Fig. 2A). Moreover, liver
�brosis was con�rmed in NASH rats. Although α-SMA-positive cells were observed in both NAFL and
NASH rats, more were found in the livers of NASH rats.

Next, we measured the mRNA levels of molecules involved in the activation of HSCs. In NAFL and NASH
rats, the expression of Tgfb (TGF-β) mRNA was signi�cantly higher than that in controls (P < 0.01);
meanwhile, the expression in NASH rats was signi�cantly higher than that in NAFL rats (P < 0.01). In the
NAFL and NASH rats, the expression of Col1A1, Acta2 (α-SMA), Timp1 (TIMP-1) mRNA was signi�cantly
higher than that in controls (P < 0.01). The expression of Serpine1 (PAI-1) mRNA was signi�cantly higher
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in the NASH group than in controls (P < 0.05) (Fig. 2B). These results show that HSCs were activated and
that remarkable �brosis occurred in the liver of NASH rats.

PA absorption increases in the intestine of NASH model rats

We administered lipid emulsion continuously to the duodenum of each model rat and monitored
triglyceride (TG) concentration in portal plasma. We also administered Triton WR-1339 intravenously for
blocking lipoprotein catabolism. After 180 min, the TG concentration in the portal plasma was 317.9 ±
32.2, 370.8 ± 33.7, and 419.2 ± 28.9 mg/dL for the control, NAFL, and NASH rats, respectively. TG
concentration in portal plasma was signi�cantly higher in the NASH (P < 0.01) and NAFL (P < 0.05)
groups than in the control (Fig. 3A).

Next, we determined the total chylomicron (CM) particle number and the concentration of TG present in
plasma CM (CM-TG) using high-performance liquid chromatography (HPLC). Total CM particle number
(Fig. 3B) and concentration of CM-TG (Fig. 3C) were signi�cantly higher in the NASH (P < 0.01) and NAFL
(P < 0.01) groups compared to the control. Furthermore, the NASH group had signi�cantly higher CM
particle counts than did the NAFL group (P < 0.05). PA concentration in the portal vein after
administration of lipid emulsion was signi�cantly higher in NASH (P < 0.01) and NAFL (P < 0.01) rats
compared to the control (Fig. 3D). Furthermore, PA concentration in the NASH group was signi�cantly
higher than that in the NAFL group (P < 0.01). The Lipid absorption coe�cient (LAC) in the NASH (P <
0.01) and NAFL models (P < 0.05) was signi�cantly higher than that in the control (Fig. 3E). Furthermore,
the LAC in the NASH group was signi�cantly higher than that in the NAFL group (P < 0.01).

Genes involved in FA absorption are highly expressed in the intestine of NASH rats

We evaluated the expression of genes that contribute to the absorption and synthesis of FA and lipids via
CM (Fig. 4A)11-18. The expression level of Cd36 (CD36) mRNA was signi�cantly higher in NASH rats
compared to controls (P < 0.05). Mtp (MTP) mRNA expression levels involved in CM formation were
signi�cantly higher in the NASH (P < 0.01) and NAFL models (P < 0.05) compared to the control, while
Apo-B levels were signi�cantly higher in the NASH group compared to the other two groups (P < 0.05).
APOA-IV mRNA expression was signi�cantly higher in NASH and NAFL rats than in controls (P < 0.01).
Fatp4 (FATP4) mRNA levels were signi�cantly higher in NASH and NAFL rats than in controls (P < 0.05).
Both Fabp1 (liver fatty acid-binding protein; P < 0.01) and Fabp2 (intestinal fatty acid-binding protein; P <
0.05) mRNA levels, which are involved in FA transport, were signi�cantly higher in the NASH group than in
the control. The mRNA expression levels of Ern2 (inositol-requiring enzyme 1β) and Sar1b (Ras-related
GTPase 1b), which are involved in CM formation, did not vary signi�cantly among these groups (Fig. 4A).
We then analyzed the CD36 protein level in jejunal tissues (Fig. 4B) and found that the expression of
glycosylated CD36, an activated form of CD36, was signi�cantly higher in the NASH model compared to
the control.

Glucagon-like peptide-2 (GLP-2) promotes intestinal lipid absorption
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The plasma GLP-2, which activates intestinal CD36 by glycosylation and increases lipid absorption in the
intestine, was measured at the time of fasting in all model rats. The concentration of the plasma GLP-2
was signi�cantly higher in NASH (P < 0.01) and NAFL models (P < 0.05) compared to the control (Fig.
5A). Next, we intraperitoneally administered GLP-2 to normal SD rats and evaluated TG concentration in
the portal vein. TG concentration in the portal vein was signi�cantly increased in the GLP-2
administration group (P < 0.01; Fig. 5B).

An increase in trans-portal PA activates HSC

We injected PA into the liver of normal SD rats via the portal vein and assessed the expression of genes
related to HSC activation (Fig. 6A). Administration of PA signi�cantly increased Col1A1, Acta2, Tgfb,
Timp, and Pai1 mRNA levels in the liver (P < 0.01). Furthermore, PA administration increased the
expression of α-SMA in the liver (Fig. 6B).

Discussion
This study was designed to evaluate the absorption kinetics of PAs in the intestine and evaluate the
effect of PAs, via the portal vein, on the activation of HSCs in NASH. We found that the relative PA change
after meals was signi�cantly increased in NASH patients compared to controls. PA concentration in the
portal vein in NASH model rats was increased after meals due to the upregulation of genes related to
intestinal PA absorption and CM formation. Furthermore, we showed that the in�ux of PA to the liver
activated HSCs involved in liver �brosis. This is the �rst study, to our knowledge, to report that increased
intestinal PA absorption affects liver �brosis in NASH.

Dietary LCFAs are resynthesized into TGs at the ER of intestinal cells and incorporated into CMs19,20. The
present study showed that the number of CM particles and CM-TG concentrations in blood were higher in
NASH rats than in control and NAFL rats. Furthermore, the portal PA level was higher in the NASH group
than in the control and NAFL groups. These results revealed increased intestinal PA absorption in NASH,
suggesting that increased intestinal absorption increased PA �ow to the liver in NASH.

Next, the expression of factors involved in FA absorption (CD36, APOB, L-FABP, and I-FABP), as well as
factors involved in CM synthesis (MTP and FATP4), were signi�cantly higher in the jejunum of NASH rats
than in that of control and NAFL rats. In NASH rats, glycosylated CD36 protein was also signi�cantly
higher. Highly glycosylated CD36 is expressed in the apical membrane of enterocytes21, and CD36 is
known to be involved in the absorption of LCFAs and the formation and secretion of intestinal CMs22-25.
Our data suggest that CD36, upregulated in the intestine of NASH rats, may increase the absorption of
PAs from the intestine.

Furthermore, we con�rmed that plasma GLP-2 concentrations were increased in the NASH group. GLP-2
activates intestinal CD36 by glycosylation and increases FA absorption and CM synthesis in the
intestine26,27. This result supported that PA absorption and upregulated CD36 expression were increased
in the intestine of NASH rats.
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Interestingly, the expression of MTP and APOA-IV was signi�cantly increased in the jejunum of NASH
rats. MTP regulates CM synthesis, and CM-mediated FA secretion is highly dependent on MTP23. APOA-IV
is involved in the uptake of TGs into the CM28 and upregulates MTP mRNA and protein expression29.
APOA-IV in the intestine is upregulated by the absorption of dietary LCFAs24,30. These results suggest that
increased PA absorption might induce higher MTP expression via APOA-IV overexpression in NASH.

 This study showed that PA administration via the portal vein to the liver increased the mRNA levels of
molecules involved in HSCs activation. Absorbed LCFA in the intestine generally �ows into the liver via the
portal vein as a component of CM31. PA has been reported to activate HSCs32. Activated HSCs are known
to enhance the expression of TGF-β, COL1A1, α-SMA, TIMP, and PAI-1, which are involved in liver
�brosis33-38. Previous studies have shown that blood PA concentrations in cirrhotic patients are
associated with the degree of liver �brosis and that PA concentrations were high even before the onset of
cirrhosis39,40. We showed that intestinal PA absorption and PA concentration in portal blood were
increased in NASH rats. Our results suggest that the in�ux of PAs into the liver may activate HSCs and
affect liver �brosis progression.

Certain limitations were noted in the current study. Although we demonstrated that increased intestinal PA
absorption caused hepatic HSC activation in NASH rats, we are unsure whether the same phenomenon
occurs in humans. 

 In conclusion, PA absorption increases in the jejunum of NASH rats due to the upregulation of intestinal
glycosylated CD36 and MTP (Fig. 7). Furthermore, increased PA in�ux into the liver due to high intestinal
PA absorption may activate HSCs and affect the development of liver �brosis. Inhibition of the protein
associated with intestinal PA absorption may prevent HSC activation and liver �brosis in NASH.
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Figure 1

Relative change in fatty acids in human NASH patients (N=41) and control patients (N=39). (A) Relative
change in saturated fatty acids (SFA), monounsaturated fatty acids, and polyunsaturated fatty acids. **P
< 0.01. (B) Relative change in lauric, myristic, palmitic, and stearic acid in the fraction of SFAs. **P < 0.01.
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Figure 2

Liver �brosis and HSC activation in NASH rats. (A) Representative images of liver sections stained with
hematoxylin and eosin (H&E) stain, Sirius Red stain, and anti-α-SMA antibody. (B) The mRNA levels of the
following factors were related to liver �brosis: Transforming growth factor-β (Tgfb), collagen 1a1
(Col1a1), α-smooth muscle actin (Acta2), tissue inhibitor of metalloproteinase 1 (Timp1), and
plasminogen activator inhibitor 1 (Serpine1). N = 5 per group. *P < 0.05, **P < 0.01.
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Figure 3

Lipid and fatty acid absorption increased in the intestine of NASH rats. (A) Time-dependent increase in
triglyceride (TG) level in the plasma of each model rat provided by lipid emulsion and Triton infusion (N =
6 per group; P < 0.05, NASH vs. control; *P < 0.05, NAFL vs. control; P < 0.01, NASH vs. control). (B)
Changes in total chylomicron (CM) particle number in portal blood measured using HPLC before and 180
min after lipid administration (N = 6 per group; *P < 0.05; **P < 0.01). (C) Changes in chylomicron TG (CM-
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TG) concentration in portal vein blood measured using HPLC before and 180 min after lipid
administration (N = 6 per group; *P < 0.05; **P < 0.01). (D) Changes in palmitic acid concentration in
portal vein blood measured using gas chromatography before and 180 min after lipid administration (N =
6 per group; **P < 0.01). (E) Lipid absorption coe�cient (LAC) in each group. LAC was measured when
the same diet (MFD) was ingested (N = 6 per group; *P < 0.05, **P < 0.01).

Figure 4

Expression of genes and proteins involved in fatty acid and lipid absorption in the intestine. (A) The
mRNA levels of the following genes were related to the transport of long-chain fatty acids and lipids.
Cluster of differentiation (Cd36), caveolin 1 (Cav1), microsomal triglyceride transfer protein (Mtp),
apolipoprotein B (Apob), apolipoprotein A-IV (ApoaIV), fatty acid transporter protein 4 (Fatp4), fatty acid-
binding protein (Fabp), including liver FABP (Fabp1) and intestinal FABP (Fabp2), inositol-requiring
enzyme1b (Ire1b), and secretion associated, Ras-related GTPase1b (Sar1b). N = 6 per group. *P < 0.05,
**P < 0.01. (B) Western blot analysis of glycosylated CD36 protein in jejunal tissue. N = 3 per group. *P <
0.05.
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Figure 5

Promotion of intestinal lipid absorption by glucagon-like peptide-2 (GLP-2). (A) Fasting blood GLP-2
levels in each group (N = 5 per group; *P < 0.05, **P < 0.01). (B) Time-dependent increase in plasma
triglyceride (TG) level in each model rat administered lipid emulsion and Triton infusion, as required. GLP-
2 was administered 20 min after the administration of the lipid emulsion. N = 6 per group. **P < 0.01.
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Figure 6

HSC activation using palmitic acid. (A) The mRNA levels of the following genes were related to liver
�brosis. Transforming growth factor-β (Tgfb), collagen 1a1 (Col1a1), α-smooth muscle actin (Acta2),
tissue inhibitor of metalloproteinase 1 (Timp1), and plasminogen activator inhibitor 1 (Serpine1). N = 6
per group; *P < 0.05. **P < 0.01. (B) Immunohistochemistry of α-SMA expression in rat liver using anti-α-
SMA antibody.
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Figure 7

Model of lipid and fatty acid (FA) absorption in NASH. First, the expression of CD36 was enhanced in
intestinal villi, followed by an increase in FA uptake into intestinal cells. Second, triglycerides (TG) were
synthesized from long-chain fatty acids, which were incorporated into chylomicrons in the endoplasmic
reticulum (ER) via microsomal triglyceride transfer protein (MTP). Third, the synthesized chylomicron was
secreted from the ER and �owed into the lymphatic vessels via the Golgi apparatus. LCFA, Long-chain
fatty acid; ACS, acyl-CoA synthetase; FA-CoA, fatty acyl-CoA;
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