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Abstract
Background Pemafibrate helps regulate fatty acid dynamics in the liver, potentially preventing metabolic 
dysfunction-associated steatohepatitis (MASH). However, its effect on intestinal long-chain fatty acid (LCFA) 
metabolism in MASH remains unclear. Thus, we aimed to examine the influence of pemafibrate on intestinal LCFA 
metabolism and hepatic fibrosis in a MASH rat model.

Methods Sprague–Dawley rats were fed a high-fat and high-cholesterol diet to induce MASH and then divided into 
pemafibrate-treated (pemafibrate (+)) and untreated (pemafibrate (-)) groups. Triglyceride deposition in the small 
intestine and fibrosis, along with α-smooth muscle actin level in the liver, were evaluated. Furthermore, the mRNA 
expression levels of genes associated with lipid metabolism in the small intestine and markers of fibrosis and hepatic 
stellate cells activation in the liver were measured.

Results The pemafibrate-treated group had markedly lower triglyceride deposition and lipid absorption in the 
intestine, and significantly lower levels of molecules involved in intestinal lipid regulation than the pemafibrate-
untreated group. Moreover, hepatic fibrosis significantly improved, and the mRNA levels of fibrosis-related molecules 
and hepatic stellate cell activation factors significantly decreased in the pemafibrate-treated compared with those in 
the pemafibrate-untreated group.

Conclusions Pemafibrate reduced lipid droplet formation and LCFA absorption in the intestinal tract and alleviated 
hepatic fibrosis in MASH model rats.
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Background
Metabolic dysfunction-associated steatotic liver dis-
ease (MASLD), previously known as non-alcoholic 
fatty liver disease (NAFLD), is a chronic condition with 
a poor prognosis, often progressing to fibrosis, cirrho-
sis, and hepatocellular carcinoma [1–7]. In recent years, 
the incidence of cirrhosis and hepatocellular carci-
noma has rapidly increased in the context of metabolic 
dysfunction-associated steatohepatitis (MASH), previ-
ously known as non-alcoholic steatohepatitis (NASH) 
[7]. Saturated fatty acids (SFAs) play a central role in the 
pathogenesis and progression of MASH, contributing to 
hepatic steatosis, inflammatory cytokine induction, and 
hepatocarcinogenesis [8, 9]. Among these, palmitic acid, 
a representative of long-chain fatty acids (LCFAs), exerts 
lipotoxicity and exacerbates MASH development by 
interacting with enteric endotoxin [10, 11].

The primary sources of SFAs for hepatocytes include 
hepatic de novo synthesized FAs, visceral adipose tissue, 
and dietary FAs absorbed from the small intestine [12]. 
Patients with MASH have a higher small intestinal capac-
ity to absorb palmitate, with absorption levels positively 
correlating with markers of hepatic fibrosis, than healthy 
individuals [13]. Furthermore, cluster of differentiation 
36 (CD36) and microsomal triglyceride transfer protein 
(MTP), which are intestinal molecules critical for dietary 
FA absorption and chylomicron synthesis, are overex-
pressed in the small intestine of patients with MASH [13, 
14]. These findings suggest that modulation of dietary 
LCFAs in the small intestine could serve as a potential 
therapeutic target for MASH.

Peroxisome proliferator-activated receptor α (PPARα) 
is a nuclear receptor that regulates hepatic lipid homeo-
stasis and influences MASH progression [15]. It is 
expressed in various tissues, including the liver, small 
intestine, heart, kidney, muscle, and brown adipose tissue 
[16–18]. Notably, global Pparα-knockout mice exhibit 
exacerbated MASH but not insulin resistance, highlight-
ing the complexity of the role of PPARα [19]. Moreover, 
PPARα activation has been associated with increased 
satiety and decreased intestinal cholesterol esterification 
[20, 21]. However, the specific effects of intestinal PPARα 
inhibition on obesity and MASH remain controversial. 
In clinical practice, PPARα agonists, such as fibrates, 
are commonly used to treat dyslipidemia [22]. However, 
their use in the treatment of human MASH has not been 
established.

Pemafibrate is a selective PPARα modulator that 
reduces fibrate-related adverse events, such as rhabdo-
myolysis, while enhancing therapeutic effects [23]. It 
also reportedly improved hepatic steatosis and fibrosis 
in a rodent model of MASH [24]. However, the effect 
of pemafibrate on intestinal LCFA absorption in MASH 
models remains unclear. Therefore, in the present study, 

we aimed to investigate the effect of pemafibrate on 
intestinal LCFA absorption in a diet-induced MASH 
rat model and evaluate its therapeutic potential against 
hepatic fibrosis. This study could provide novel insights 
into the effects of pemafibrate on intestinal LCFA absorp-
tion and hepatic fibrosis in MASH model rats.

Methods
Animals
This study was carried out in strict accordance with the 
recommendations in the guidelines of Ehime University 
(Ehime, Japan). The protocol was approved by the Ehime 
University Animal Care Committee (Protocol Number: 
05-TI-86-2). Eight-week-old male Sprague–Dawley (SD) 
rats (CLEA Japan, Tokyo, Japan) were housed individually 
and maintained under a 12:12-h light/dark cycle. All rats 
were acclimated to a normal MF diet (MF; Oriental Yeast 
Industry, Tokyo, Japan) (12.4% of kcal fat) and water for 
7 days before the start of the experiment. They were then 
fed a high-fat and high-cholesterol diet (HFHCD; 68% 
MF, 27.5% palm oil, 2.5% cholesterol, and 2% cholic acid) 
(52.9% of kcal fat) for 9 weeks as previously described 
[25]. The rats were randomly assigned to two groups; 
pemafibrate (+) and pemafibrate (-), that is pemafibrate-
treated and pemafibrate-untreated, and administered the 
treatment by oral gavage. The rats in the pemafibrate-
treated group were administered pemafibrate (0.1  mg/
kg/day) and olive oil (1  g/kg/day) into the stomach 
using a sonde once a day at a fixed time. The rats in the 
pemafibrate-untreated group (control) received vehicle 
instead of pemafibrate while maintaining the same con-
ditions mentioned above. Oral gavage was performed 
with the rats under isoflurane anesthesia and euthanasia 
was performed using carbon dioxide. Pemafibrate was 
obtained from Kowa Co., Ltd. (Tokyo, Japan). All rats 
were provided water ad libitum during the experiment. 
All rats were randomly assigned to each group. Histo-
logical and gene expression analyses were performed in 
a blinded manner to minimize bias. For all histological 
assessments, tissue samples were coded and indepen-
dently evaluated by an investigator who was blinded to 
the groups. Experiments were initially conducted using 
N = 5 rats per group. However, samples were excluded 
from the gene expression analysis of intestinal tissue due 
to a technical issue encountered during RNA extraction 
(poor quality yield). To ensure data accuracy, the samples 
was removed from this specific analysis, resulting in N = 4 
for the intestinal gene expression data. All other analyses 
presented were performed using N = 5 per group. This 
sample exclusion was due to technical reasons and was 
not biased towards any specific treatment group.
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Tissue sample Preparation
All rats were fasted overnight and then euthanized under 
deep anesthesia. The liver and jejunal tissues were col-
lected and preserved as follows. One section was fixed in 
10% formalin for 24 h and embedded in paraffin, whereas 
the other was soaked overnight in RNA-later (Life Tech-
nologies, Carlsbad, CA, USA) and stored at − 20 °C until 
use.

Measurement of intestinal lipid absorption coefficient
For each rat, 24-h food intake was recorded and fecal 
samples were analyzed. All rats in both groups were fed 
the same MF normal diet during the stool collection 
period. Lipids in the stool and diet were extracted using 
the Bligh–Dyer method and quantified. Briefly, chloro-
form (Wako Pure Chemicals, Tokyo, Japan) and metha-
nol (Fujifilm, Tokyo, Japan) were added to the samples 
at a 1:2 ratio, and the layers were separated via cen-
trifugation. The lower layer was carefully collected, and 
the chloroform was dried to extract the lipids. The lipid 
absorption coefficient (LAC) was calculated as follows:

 
LAC = dietary lipid intake − lipid defecation

dietary lipid intake
× 100 (1)

Identification of genes involved in lipid and FA absorption 
via real-time polymerase chain reaction
The expression of genes involved in lipid and FA absorp-
tion in the jejunal tissue was measured using real-time 
polymerase chain reaction (PCR). RNA was extracted 
from the jejunum and liver samples using an RNeasy 
Plus mini kit (Qiagen, Hilden, Germany). Reverse tran-
scription was performed using the High Capacity cDNA 
reverse transcription kit (Thermo Fisher Scientific, 
Waltham, MA, USA). Real-time PCR was performed 
using LightCycler 480II (Roche Diagnostics, Basel, Swit-
zerland). The sequence of primers is presented in Table 1. 
Gene expression was normalized to that of hypoxanthine 
phosphoribosyltransferase 1 (Hprt1) in the liver and 
β-actin (Actb) in the jejunum. They are expressed as a 
ratio of the values obtained in the pemafibrate-untreated 
(control) group.

Table 1 Oligonucleotide sequences and annealing temperature for quantitative real-time PCR
Gene name Sequence (5ʹ–3ʹ) Annealing

Temperature (°C)
Ppara forward CCTCGAACTGGATGACAGTG 59

reverse CCCTCCTGCAACTTCTCAAT
Cd36 forward GCGACATGATTAATGGCACA 60

reverse TGGACCTGCAAATGTCAGAG
Mtp forward GCGAGTCTAAAACCCGAGTG 59

reverse CACTGTGATGTCGCTGGTTATT
Fabp1 forward ACTGGGGAAAAGGTCAAGGC 59

reverse CCCAGTGTCATGGTATTGGTGAT
Fapb2 forward CCGAGAGATTTCTGGTAACGA 59

reverse CAAGCTAGCCCTTCTGCATT
Fatp4 forward ATGACTGCCTCCCCCTCTAC 59

reverse AGTCATGCCGTGGAGTACG
Apoa-IV forward ACCCAGCTAAGCAACAATGC 59

reverse AAGTTTGTCCTGGAAGAGGGTA
Actab forward CTGGCTCCTAGCACCATGA 61

reverse TAGAGCCACCAATCCACACA
Tgfb forward CCTGGAAAGGGCTCAACAC 59

reverse TGCCGTACACAGCAGTTCTT
Col1a1 forward GTGGACAGGCTGGTGTGAT 59

reverse GGGACACCTCGTTCTCCAG
Acta2 forward GCTCCGGGCTCTGTAAGG 59

reverse GCCCATTCCAACCATCACT
Timp1 forward TGCAACTCGGACCTGGTTAT 59

reverse AGCGTCGAATCCTTTGAGCA
Serpine1 forward AGAGCCAATCACAAGGCACT 59

reverse GAGGCAAGTGAGGGCTGA
Hprt1 forward TCCTCATGGACTGATTATGGACA 60

reverse TAATCCAGCAGGTCAGCAAAGA
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Histological and morphometric analyses
The formalin-fixed and paraffin-embedded rat liver tis-
sue and jejunum samples were used for the analyses. The 
liver tissues were stained with hematoxylin and eosin 
(H&E), and then with Sirius Red to assess liver fibro-
sis. Immunostaining was performed using polyclonal 
α-smooth muscle actin (α-SMA) (# RB-9010; 1:200; 
Thermo Fisher Scientific) as the primary antibody and 
MAX-POI (#414181; Nichirei Co., Tokyo, Japan) as the 
secondary antibody. After immunostaining, color was 
developed using 3,3ʹ-diaminobenzidine chromogen, and 
the tissues were evaluated. SR- or α-SMA-positive areas 
were measured using light microscopy. The jejunum sam-
ples were stained with Oil Red O to evaluate the degree 
of fat deposition.

Statistical analysis
Results are presented as mean ± standard deviation. The 
results were analyzed using Mann–Whitney U-test. All 
statistical analyses were performed using JMP version 
11.2.0 software (SAS Institute, Cary, NC, USA). Statisti-
cal significance was considered at P < 0.05.

Results
Changes of postprandial fatty acid absorption in the 
intestine of MASH model rats upon pemafibrate treatment
We fed male Sprague–Dawley (SD) rats a HFHCD to 
generate an MASLD/MASH model. For the evaluation 
of postprandial intestinal fat absorption, a single dose 
of pemafibrate or vehicle was administered with olive 
oil, blood was drawn 2  h later, and fecal samples were 
collected 24  h later (Fig.  1a). The serum level of non-
esterified fatty acid (NEFA) was significantly lower in 
the pemafibrate-treated group than in the pemafibrate-
untreated group (P = 0.0216; Fig.  1b). Measurement of 
the amounts of fat in the diet over a 24-h period and fat 
excreted in the feces indicated that the fat-absorption 
capacity was significantly lower in the pemafibrate-
treated group than in the pemafibrate-untreated group 
(P = 0.0472; Fig.  1c). Moreover, histological analysis of 
fat deposition in the jejunum with Oil Red O staining 
revealed that fat deposition in the small intestinal epithe-
lium was considerably lower in the pemafibrate-treated 
group than in the pemafibrate-untreated group (Fig. 1d).

Pemafibrate treatment resulted in greater fat content 
remaining within the intestinal tract, consistent with 
reduced absorption, whereas intestinal tissue lipid accu-
mulation was lower than in controls.

Expression of PPARα and molecules involved in the 
absorption and transport of FAs in the intestine of MASH 
model rats
The rats in the pemafibrate-treated group were admin-
istered pemafibrate (0.1  mg/kg/day) and olive oil (1  g/

kg/day) by oral gavage for 7 days before being dissected. 
The pemafibrate-untreated group (control) rats received 
vehicle instead of pemafibrate while maintaining the 
same conditions mentioned above (Fig.  2a). The mRNA 
expression of Ppara was upregulated in the small intes-
tine of rats in the pemafibrate-treated group compared 
with that in the pemafibrate-untreated group (P = 0.0304; 
Fig. 2b). We also evaluated the expression of FA absorp-
tion- and CM synthesis-related proteins and genes in the 
small intestine of these MASH model rats. The mRNA 
expression of Cd36, which encodes a scavenger recep-
tor critical for the high-affinity uptake of long-chain fatty 
acids (LCFAs) and has been implicated in lipid accu-
mulation and metabolic dysfunction when exposed to 
excessive fat [26], was significantly lower in the pemafi-
brate-treated group than in the pemafibrate-untreated 
group (P = 0.0304; Fig.  2c). Moreover, the mRNA level 
of Mtp, which encodes a rate-limiting enzyme involved 
in CM formation and the incorporation of TG into CM 
in the endoplasmic reticulum [27, 28], was significantly 
lower in the pemafibrate-treated group than in the 
pemafibrate-untreated group (P = 0.0304; Fig.  2d). Fatty 
acid-binding proteins (FABPs) are cytosolic proteins that 
bind to LCFAs and transport FAs in the cytoplasm. Two 
FABP subtypes are expressed in the intestine: liver (L)-
FABP and intestinal (I)-FABP [29]. The mRNA expression 
of Fabp1 (L-FABP) was significantly lower in the pemafi-
brate-treated group than in the pemafibrate-untreated 
group (P = 0.0304; Fig.  3e). The mRNA expression of 
Fabp2 (I-FABP) was also lower in the pemafibrate-treated 
group than in the pemafibrate-untreated group, but the 
difference was not significant (P = 0.112; Fig.  2f ). More-
over, no significant differences in the mRNA expression 
levels of fatty acid transport protein 4 (Fatp4), which 
indirectly drives FA uptake by esterification [30], and 
apolipoprotein A-IV (Apoa-IV), which encodes the major 
apoprotein component of chylomicrons, were observed 
between the groups (P = 0.471, P = 0.194; Fig. 2g and h).

These results suggest that pemafibrate inhibits the 
mRNA expression levels involved in LCFA absorption 
and transport, such as CD36 and MTP, in MASH model 
rats.

Effect of pemafibrate treatment on hepatic fibrosis and 
hepatic stellate cell activation
We assessed fat deposition and liver fibrosis in both 
groups via H&E staining, Sirius Red staining, and immu-
nostaining for α-SMA in the liver tissues with the same 
protocol described above (Fig.  2a). We then performed 
real-time PCR analysis of genes related to hepatic stel-
late cell activation. No significant difference in the degree 
of fat deposition was observed between the groups (data 
not shown). However, pemafibrate significantly improved 
liver fibrosis (P = 0.0367; Fig.  3a and b). Moreover, the 
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number of α-SMA-positive cells was significantly lower 
in the pemafibrate-treated group than in the pemafi-
brate-untreated group (P = 0.0367; Fig. 3c and d).

Transforming growth factor-β (TGF-β) activates HSCs 
[31]. Notably, the mRNA expression of TGF-β (Tgfb) 
was significantly lower in the pemafibrate-treated group 
than in the pemafibrate-untreated group (P = 0.0051; 

Fig. 4a). The mRNA expression of collagen 1a1 (Col1a1) 
and α-SMA (Acta2) was also decreased via the inhibition 
of hepatic stellate cell activation (P = 0.0200, P = 0.0453, 
respectively; Fig.  4b and c). Tissue inhibitor of metal-
loproteinase (TIMP) is secreted by activated HSCs and 
is involved in fibrosis by inactivating matrix metallo-
proteinase [32]. The mRNA expression of Timp1 was 

Fig. 1 Pemafibrate inhibits postprandial fatty acid absorption in the small intestine of MASH model rats. (a) Experimental protocol. To evaluate post-
prandial intestinal fat absorption, a single dose of pemafibrate or vehicle was administered with olive oil, and fecal samples were collected 24 h later. (b) 
Serum NEFA levels in the pemafibrate (-) and pemafibrate (+) groups. (c) Coefficient of intestinal lipid absorption in the pemafibrate (-) and pemafibrate 
(+) groups. N = 5 per group; *P < 0.05. Data in the bar plots are expressed as mean ± standard deviation. Significant differences were determined using 
the Mann–Whitney U-test. (d) Representative images of the jejunum tissue stained with Oil Red O in the pemafibrate (-) and pemafibrate (+) groups. Top: 
magnification, 100×; scale bar, 200 μm. Bottom: magnification, 200×; scale bar: 100 μm (bottom)
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significantly lower in the pemafibrate-treated group than 
in the pemafibrate-untreated group (P = 0.0051; Fig. 4d). 
Plasminogen activator inhibitor 1 (PAI-1) promotes 
fibrosis in many tissue types [33]. The mRNA expression 
of PAI-1 (Serpine1) was lower in the pemafibrate-treated 
group than in the pemafibrate-untreated group, although 
the difference was not significant (P = 0.230; Fig. 4e).

These results suggest that treatment with pemafibrate 
reduces hepatic stellate cell activation and hepatic fibro-
sis in MASH model rats.

Discussion
In the present study, we demonstrated that treatment 
with pemafibrate inhibited intestinal lipid absorption in 
a rat model of diet-induced MASH. In addition, pemafi-
brate downregulated the expression of LCFA recep-
tors and chylomicron synthesis-related molecules in the 
small intestine. Although pemafibrate has been reported 
to improve liver fibrosis in MASH models [24, 34], the 
results of the present study suggest that not only direct 
hepatic effects but also suppression of intestinal FA 
absorption may be partially responsible for the improve-
ment of fibrosis in MASH. Pemafibrate has been reported 

Fig. 2 Expression of genes involved in fatty acid and lipid absorption in the intestine. (a) Experimental protocol. Pemafibrate or vehicle was administered 
with olive oil to rats for 7 days, and then the rats were dissected. (b) The mRNA level of Ppara. N = 4 per group; *P < 0.05. (c-h) The mRNA levels of genes 
related to the transport of long-chain fatty acids and lipids, c; cluster of differentiation (Cd36), d; microsomal triglyceride transfer protein (Mtp) and fatty 
acid-binding protein (Fabp), including e; liver FABP (Fabp1) and f; intestinal FABP (Fabp2), g; fatty acid transporter protein 4 (Fatp4), and h; apolipoprotein 
A-IV (Apoa-IV). N = 4 per group; *P < 0.05. Data in the bar plots are expressed as mean ± standard deviation. Significant differences were determined using 
the Mann–Whitney U-test
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to suppress intestinal cholesterol absorption [35], but this 
study, to our knowledge, is the first to conduct a histo-
logical evaluation of the effects of a pemafibrate on small 
intestinal LCFA absorption and lipid droplet synthesis in 
an MASH model in vivo.

A previous study reported that feeding SD rats a high-
fat diet for a short period increases the amounts of tri-
glycerides and total FAs in the liver by approximately 
three-fold but does not significantly increase the amounts 
of visceral fat and skeletal muscle fat [36]. This finding 
suggests that a high-fat diet may promote fat accumula-
tion in the liver. In addition, several studies have reported 
alterations in the kinetics of dietary lipid absorption in 
patients with MASLD. Oral lipid loading experiments 
have indicated that the serum triglyceride response 
after lipid loading is significantly higher in patients with 
fatty liver than in healthy individuals [37]. Moreover, 
the small intestinal absorption capacity of palmitic acid 
is significantly higher in patients with MASH than in 
healthy individuals, and the amount of dietary palmi-
tate absorbed positively correlates with liver fibrosis and 
insulin resistance [13]. Proteins associated with intesti-
nal FA absorption, such as glycosylated CD36 and MTP, 
were overexpressed in small intestinal biopsy tissues 

collected from patients with MASH [13] and model rats 
[14], highlighting a potential mechanism for increased 
dietary palmitic acid absorption in MASH progression. 
In addition, we observed a significant downregulation of 
intestinal Cd36 mRNA expression by pemafibrate treat-
ment (Fig.  2c). In the intestinal epithelium, the primary 
function of CD36 is the uptake of dietary LCFAs. PPARα 
activation has been reported to upregulate CD36 expres-
sion in other cell types, such as macrophages and hepato-
cytes, often linked to fatty acid uptake for metabolism or 
storage [38]. It is possible that in the context of systemic 
lipid overload induced by the HFHCD, PPARα activation 
serves an adaptive role by downregulating the expression 
of this key lipid transporter in the intestine to limit fur-
ther substrate influx, differing from its role in other tis-
sues. Furthermore, the HFHCD likely influences CD36 
expression independently and complicates the net effect 
of pemafibrate. Further studies are warranted to dissect 
the precise molecular mechanisms underlying this con-
text-dependent regulation.

The role of intestinal PPARα in lipid homeostasis is 
largely unknown, but pemafibrate, a selective PPARα 
modulator, increases the expression of PPARα and 
genes related to FA oxidation and decreases cholesterol 

Fig. 3 Pemafibrate improves liver fibrosis. (a) Liver sections from the pemafibrate (-) and pemafibrate (+) groups. Sirius Red staining. Magnification, 200×. 
Scale bar: 100 μm. (b) Area of Sirius red staining in the livers of rats from the pemafibrate (-) and pemafibrate (+) groups. N = 5 per group; *P < 0.05. (c) 
Liver sections of rats from the pemafibrate (-) and pemafibrate (+) groups. Anti-α-SMA antibody. Magnification, 200×. Scale bar: 100 μm. (d) Area of anti-
α-SMA antibody in the livers of rats from the pemafibrate (-) and pemafibrate (+) groups. N = 5 per group; *P < 0.05. Data in the bar plots are expressed as 
mean ± standard deviation. Significant differences were determined using the Mann–Whitney U-test
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absorption in the small intestine [39]. In the present 
study, treatment of a rat MASH model with pemafi-
brate significantly increased the mRNA levels of intes-
tinal Ppara and decreased the expression of molecules 
involved in intestinal lipid regulation. Moreover, triglyc-
eride deposition and lipid absorption were significantly 
reduced in the intestinal tissues. These findings suggest 
that small intestinal PPARα is a potential therapeutic 
target for MASH. In contrast, a recent study has sug-
gested that intestinal PPARα signaling promotes MASH 
progression by regulating dietary FA uptake through 
induced FABP1 expression [40]. These conflicting results 
are potentially attributable to differences in animal mod-
els. Moreover, we evaluated intestinal lipid absorption in 
vivo using pemafibrate; in the previous study, it was eval-
uated in vitro using intestinal organoids. Nevertheless, 
further human studies are warranted for verification.

In the present study, pemafibrate had a notable effect 
on hepatic fibrosis, a cardinal feature of MASH. It con-
siderably improved hepatic fibrosis in the pemafibrate-
treated group, as indicated by the reduced number of 
α-SMA-positive cells, a marker of hepatic stellate cell 
activation [41]. Moreover, treatment with pemafibrate 
decreased the mRNA expression of fibrosis-related 
genes, such as Tgfb, Col1a1, and Acta2. This result is con-
sistent with the findings of previous studies suggesting 

that PPARα agonists can ameliorate hepatic fibrosis by 
acting directly on hepatic PPARα [35, 42]. Moreover, we 
previously reported that increased fat absorption from 
the intestinal tract affects liver fibrosis in MASH [14]. 
The present study suggests that pemafibrate inhibits liver 
fibrosis by suppressing fat absorption from the intestinal 
tract.

This study has some limitations. First, a rat model of 
MASH was used. While the high-fat, high-cholesterol 
diet (HFHCD)-induced rat model employed in this study 
recapitulates key pathological features of human MASH, 
including hepatic steatosis, inflammation, and fibrosis, 
making it a valuable tool for investigating lipid metabo-
lism and fibrogenesis [25], inherent limitations must 
be acknowledged when extrapolating these findings to 
the human condition. The complex pathophysiology of 
human MASH, often driven by multiple concurrent fac-
tors (‘multiple parallel hits’) [43]. Furthermore, potential 
species-specific variations in lipid metabolism, dietary 
responses, and the precise downstream consequences 
of PPARα activation exist between rodents and humans. 
Therefore, although our study provides important pre-
clinical mechanistic insights into pemafibrate’s dual 
effects on intestinal lipid handling and hepatic fibrogen-
esis in this model, direct translation of the magnitude 
and therapeutic implications of these effects requires 

Fig. 4 Expression of genes involved in fibrosis and HSC activation in the liver. (a) mRNA expression levels of liver fibrosis markers, transforming growth 
factor-β (Tgfb), (b) collagen 1a1 (Col1a1), (c) α-smooth muscle actin (Acta2), (d) tissue inhibitor of metalloproteinase 1 (Timp1), and (e) plasminogen acti-
vator inhibitor 1 (Serpine1). N = 5 per group; *P < 0.05. **P < 0.01. Data in the bar plots are expressed as mean ± standard deviation. Significant differences 
were determined using the Mann–Whitney U-test
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considerable caution. Translating these preclinical find-
ings requires clinical context. While pemafibrate, used 
clinically for dyslipidemia, was associated with reduced 
MRE-measured liver stiffness in MASLD patients [44], 
direct histological evidence of anti-fibrotic effects in 
humans is absent. Crucially, clinical data on pemafi-
brate’s effects on human intestinal lipid absorption path-
ways are currently lacking, representing a key knowledge 
gap. Moreover, human MASLD/MASH is a chronic 
disease developing over years, suggesting that the short 
7-day treatment duration used in our study, while suf-
ficient to observe initial mechanistic changes in gene 
expression and lipid markers based on non-clinical 
pharmacodynamic data, is likely insufficient to predict 
long-term therapeutic efficacy on established fibrosis. 
Consequently, extrapolating direct therapeutic poten-
tial, particularly for fibrosis reversal, from this short-
term study warrants caution. Nevertheless, our findings 
demonstrating concurrent modulation of intestinal lipid 
handling markers and hepatic fibrosis markers provide a 
strong rationale for further investigating pemafibrate in 
human MASLD/MASH, potentially as an adjunct ther-
apy. Future long-term clinical trials are needed to assess 
efficacy and safety. Such trials could explore combination 
strategies, for example, pairing pemafibrate with inhibi-
tors of intestinal cholesterol absorption like ezetimibe, to 
potentially achieve synergistic effects on both the meta-
bolic drivers and the progression of hepatic fibrosis in 
patients.

Second, in this study, we did not establish a healthy 
control group. Hence, our ability to evaluate the severity 
of the parameters in the intestinal tract and liver induced 
by MASH is limited; moreover we cannot determine the 
extent to which improvement due to pemafibrate admin-
istration contributes to normalization when compared 
with a healthy control group. As a reference, in our previ-
ous study [14], we confirmed that the expression of genes 
related to intestinal LCFA absorption (CD36, Mtp, and 
Fabp1) is increased by approximately 1.5 times higher 
in MASH model rats than in normal healthy control 
(normal diet) rats. In the present study, the expression 
of these genes was significantly suppressed by pemafi-
brate administration (approximately 40% for CD36 and 
approximately 20% for Mtp and Fabp1). These results 
indicate that pemafibrate treatment significantly reduces 
the severity of MASH-induced intestinal LCFA absorp-
tion abnormalities; however, the Mtp and Fabp1 levels in 
the MASH may still be higher than those in the healthy 
control levels, and complete normalization may not be 
achieved. Also in this study, we were unable to show 
complete equivalence between the two groups at the start 
of the intervention. However, we tried to eliminate bias 
between the groups as much as possible by randomly 
assigning rats inducing MASH to the pemafibrate-treated 

group and the pemafibrte-untreated group. Although our 
data suggest that pemafibrate treatment reduces intesti-
nal LCFA absorption and hepatic fibrosis in parallel, the 
study design does not allow us to establish a direct causal 
relationship. Pemafibrate, as a systemic PPARα agonist, 
may exert independent hepatic effects, complicating the 
attribution of fibrosis improvement solely to reduced 
intestinal lipid uptake. Future studies should employ 
intestinal-specific PPARα modulation or liver-specific 
knockout models will be essential to delineate the mech-
anistic pathways.

Third, the main lipid-processing molecules, includ-
ing CD36, have not been verified at the protein level. 
We observed a significant decrease in lipid metabolism 
factors at the mRNA level, but this does not necessarily 
mean that we can evaluate their activity. Similarly, analy-
sis of the protein levels of typical activation markers of 
PPARα in the liver was not conducted in this study. It has 
been well established in other studies that pemafibrate 
actually activates PPARα in the liver and increases the 
expression of genes involved in fatty acid oxidation, such 
as CPT1A and ACOX1 [24, 45], and we did not mea-
sure the expression of these classic PPARα target genes. 
The observed beneficial phenotype and upregulation of 
Ppara mRNA itself in the gut suggest that pemafibrate 
acted through PPARα, but the lack of data confirming the 
induction of these classic upregulation target genes is a 
limitation in terms of providing direct molecular-level 
evidence of pathway activation in this model.

Forth, the sample size in this study was relatively small. 
While this reflects the exploratory nature of the study 
and adherence to the 3R’s principle in animal experimen-
tation, it may limit statistical power. Consequently, the 
risk of false negatives (Type II errors) might be increased, 
particularly for parameters with smaller effect sizes or 
larger inter-individual variability. Indeed, some param-
eters, such as intestinal Fabp2 and PAI-1 mRNA expres-
sion, did not show statistically significant differences 
between the groups in our study. This lack of significance 
could potentially be due to insufficient statistical power, 
and thus, these non-significant findings should be inter-
preted with caution. Future studies with larger sample 
sizes are recommended to confirm the main effects 
observed in this study and enhance the generalizability of 
the findings.

Fifth, the reduction in lipid accumulation observed 
through Oil Red O staining appeared significantly greater 
than the observed reduction in overall fat absorption. 
This discrepancy suggests that the reduction in staining 
may not solely indicate reduced lipid absorption but may 
also reflect enhanced lipid oxidation or altered intracel-
lular lipid trafficking within the epithelial cells. Follow-
ing pemafibrate administration, lipid mobilization and 
utilization may be enhanced, resulting in a more rapid 
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clearance of intracellular lipid droplets despite minimal 
changes in the net fat absorption. This dynamic change 
in lipid metabolism could explain the mismatch between 
staining reduction and fat absorption rates.

As described above, this study focused mainly on intes-
tinal lipid processing and hepatic fibrosis, but a system-
atic analysis of a wide range of metabolic parameters was 
not conducted. Therefore, although the effects on specific 
endpoints were observed, the effects of pemafibrate on 
systemic metabolism in this model have not been com-
prehensively evaluated, indicating the limitations of this 
initial investigation and requiring further research.

Conclusions
Treatment of a rat model of MASH with pemafibrate 
reduced intestinal lipid droplet synthesis and absorp-
tion, decreased hepatic stellate cell activation, and 
inhibited hepatic fibrosis. These results demonstrate the 
dual actions of pemafibrate in reducing intestinal LCFA 
absorption and ameliorating hepatic fibrosis, suggesting 
its potential as a therapeutic agent for MASH. This study 
provides novel insights into the effects of a PPARα ago-
nist on intestinal LCFA absorption and hepatic fibrosis in 
MASH model rats.

Abbreviations
ApoA-IV  Apolipoprotein A-IV
α-SMA  α-smooth muscle actin
CD36  Cluster of differentiation 36
CM  Chylomicron
Col1a1  Collagen1a1
FABP  Fatty acid-binding protein
FATP4  Fatty acid transport protein 4
HSC  Hepatic stellate cell
H&E  Hematoxylin and eosin
LAC  Lipid absorption coefficient
LCFA  Long-chain fatty acid
MTP  Microsomal triglyceride transfer protein
MASH  Metabolic dysfunction-associated steatohepatitis
MASLD  Metabolic dysfunction-associated steatotic liver disease
NAFLD  Non-alcoholic fatty liver disease
NASH  Non-alcoholic steatohepatitis
PAI-1  Plasminogen activator inhibitor 1
PPAR  Peroxisome proliferator-activated receptors
SFA  Saturated fatty acids
TG  Triglyceride
TGF-β  Transforming growth factor-β
TIMP  Tissue inhibitor of metalloproteinase

Acknowledgements
The authors would like to thank Kowa Co., Ltd. for providing pemafibrate and 
Takana Fujino, Chie Takeichi, Kenji Tanimoto, and Ayumi Sumizaki for their 
technical assistance. We also thank Editage (www.editage.com) for English 
language editing.

Author contributions
MO, MH, and YY designed the experiments. MO, MH, YY, TM, OY, ET, and YI 
analyzed the data. MO and MH conducted experiments. The first draft of 
the manuscript was written by MO and all authors commented on previous 
versions of the manuscript. YH had primary responsibility for the final content.

Funding
Not applicable.

Data availability
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
This study was carried out in strict accordance with the recommendations 
in the guidelines of Ehime University (Ehime, Japan). The protocol was 
approved by the Ehime University Animal Care Committee (Protocol Number: 
05-TI-86-2).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 6 December 2024 / Accepted: 2 May 2025

References
1. Younossi ZM, Otgonsuren M, Henry L, Venkatesan C, Mishra A, Erario M, et 

al. Association of nonalcoholic fatty liver disease (NAFLD) with hepatocel-
lular carcinoma (HCC) in the united States from 2004 to 2009. Hepatology. 
2015;62:1723–30.

2. Younossi ZM, Koenig AB, Abdelatif D, Fazel Y, Henry L, Wymer M. Global 
epidemiology of nonalcoholic fatty liver disease-meta-analytic assessment of 
prevalence, incidence, and outcomes. Hepatology. 2016;64:73–84.

3. Sanyal A, Poklepovic A, Moyneur E, Barghout V. Population-based risk fac-
tors and resource utilization for HCC: US perspective. Curr Med Res Opin. 
2010;26:2183–91.

4. Loomba R, Sanyal AJ. The global NAFLD epidemic. Nat Rev Gastroenterol 
Hepatol. 2013;10:686–90.

5. Adams LA, Lymp JF, St Sauver J, Sanderson SO, Lindor KD, Feldstein A, et al. 
The natural history of nonalcoholic fatty liver disease: a population-based 
cohort study. Gastroenterology. 2005;129:113–21.

6. Estes C, Razavi H, Loomba R, Younossi Z, Sanyal AJ. Modeling the epidemic 
of nonalcoholic fatty liver disease demonstrates an exponential increase in 
burden of disease. Hepatology. 2018;67:123–33.

7. Perumpail BJ, Khan MA, Yoo ER, Cholankeril G, Kim D, Ahmed A. Clinical 
epidemiology and disease burden of nonalcoholic fatty liver disease. World J 
Gastroenterol. 2017;23:8263–76.

8. Feldstein AE, Werneburg NW, Canbay A, Guicciardi ME, Bronk SF, Rydzewski R, 
et al. Free fatty acids promote hepatic lipotoxicity by stimulating TNF-alpha 
expression via a lysosomal pathway. Hepatology. 2004;40:185–94.

9. Joshi-Barve S, Barve SS, Amancherla K, Gobejishvili L, Hill D, Cave M, et al. 
Palmitic acid induces production of Proinflammatory cytokine interleukin-8 
from hepatocytes. Hepatology. 2007;46:823–30.

10. Hirsova P, Ibrabim SH, Gores GJ, Malhi H. Lipotoxic lethal and sublethal stress 
signaling in hepatocytes: relevance to NASH pathogenesis. J Lipid Res. 
2016;57:1758–70.

11. Ralston JC, Lyons CL, Kennedy EB, Kirwan AM, Roche HM. Fatty acids and 
NLRP3 inflammasome-mediated inflammation in metabolic tissues. Annu 
Rev Nutr. 2017;37:77–102.

12. Postic C, Girard J. Contribution of de Novo fatty acid synthesis to hepatic 
steatosis and insulin resistance: lessons from genetically engineered mice. J 
Clin Invest. 2008;118:829–38.

13. Utsunomiya H, Yamamoto Y, Takeshita E, Tokumoto Y, Tada F, Miyake T, et al. 
Upregulated absorption of dietary palmitic acids with changes in intestinal 
transporters in non-alcoholic steatohepatitis (NASH). J Gastroenterol. 
2017;52:940–54.

14. Hanayama M, Yamamoto Y, Utsunomiya H, Yoshida O, Liu S, Mogi M, et al. The 
mechanism of increased intestinal palmitic acid absorption and its impact 
on hepatic stellate cell activation in nonalcoholic steatohepatitis. Sci Rep. 
2021;11:13380.

15. Gross B, Pawlak M, Lefebvre P, Staels B. PPARs in obesity-induced T2DM, 
dyslipidaemia and NAFLD. Nat Rev Endocrinol. 2017;13:36–49.



Page 11 of 11Okada et al. BMC Gastroenterology          (2025) 25:385 

16. Uchida A, Slipchenko MN, Cheng JX, Buhman KK. Fenofibrate, a peroxisome 
proliferator-activated receptor α agonist, alters triglyceride metabolism in 
enterocytes of mice. Biochim Biophys Acta. 2011;1811:170–6.

17. Kliewer SA, Forman BM, Blumberg B, Ong ES, Borgmeyer U, Mangelsdorf DJ, 
et al. Differential expression and activation of a family of murine peroxisome 
proliferator-activated receptors. Proc Natl Acad Sci U S A. 1994;91:7355–9.

18. Braissant O, Foufelle F, Scotto C, Dauça M, Wahli W. Differential expression 
of peroxisome proliferator-activated receptors (PPARs): tissue distribu-
tion of PPAR-alpha, -beta, and -gamma in the adult rat. Endocrinology. 
1996;137:354–66.

19. Guerre-Millo M, Rouault C, Poulain P, André J, Poitout V, Peters JM, et al. PPAR-
alpha-null mice are protected from high-fat diet-induced insulin resistance. 
Diabetes. 2001;50:2809–14.

20. Fu J, Gaetani S, Oveisi F, Lo Verme J, Serrano A, De Rodríguez F, et al. Oleyle-
thanolamide regulates feeding and body weight through activation of the 
nuclear receptor PPAR-alpha. Nature. 2003;425:90–3.

21. Colin S, Briand O, Touche V, Wouters K, Baron M, Pattou F, et al. Activation of 
intestinal peroxisome proliferator-activated receptor-α increases high-density 
lipoprotein production. Eur Heart J. 2013;34:2566–74.

22. Goldfine AB, Kaul S, Hiatt WR. Fibrates in the treatment of dyslipidemias–time 
for a reassessment. N Engl J Med. 2011;365:481–4.

23. Fruchart JC. Selective peroxisome proliferator-activated receptor α modula-
tors (SPPARMα): the next generation of peroxisome proliferator-activated 
receptor α-agonists. Cardiovasc Diabetol. 2013;12:82.

24. Honda Y, Kessoku T, Ogawa Y, Tomeno W, Imajo K, Fujita K, et al. Pemafibrate, 
a novel selective peroxisome proliferator-activated receptor alpha modulator, 
improves the pathogenesis in a rodent model of nonalcoholic steatohepati-
tis. Sci Rep. 2017;7:42477.

25. Ichimura M, Masuzumi M, Kawase M, Sakaki M, Tamaru S, Nagata Y, et al. A 
diet-induced Sprague-Dawley rat model of nonalcoholic steatohepatitis-
related cirrhosis. J Nutr Biochem. 2017;40:62–9.

26. Pepino MY, Kuda O, Samovski D, Abumrad NA. Structure-function of CD36 
and importance of fatty acid signal transduction in fat metabolism. Annu Rev 
Nutr. 2014;34:281–303.

27. Gordon DA, Jamil H, Gregg RE, Olofsson SO, Borén J. Inhibition of the micro-
somal triglyceride transfer protein blocks the first step of Apolipoprotein B 
lipoprotein assembly but not the addition of bulk core lipids in the second 
step. J Biol Chem. 1996;271:33047–53.

28. Wang Y, McLeod RS, Yao Z. Normal activity of microsomal triglyceride transfer 
protein is required for the oleate-induced secretion of very low density lipo-
proteins containing Apolipoprotein B from McA-RH7777 cells. J Biol Chem. 
1997;272:12272–8.

29. Atshaves BP, Martin GG, Hostetler HA, McIntosh AL, Kier AB, Schroeder F. Liver 
fatty acid-binding protein and obesity. J Nutr Biochem. 2010;21:1015–32.

30. Milger K, Herrmann T, Becker C, Gotthardt D, Zickwolf J, Ehehalt R, et al. Cellu-
lar uptake of fatty acids driven by the ER-localized acyl-CoA synthetase FATP4. 
J Cell Sci. 2006;119:4678–88.

31. Dewidar B, Meyer C, Dooley S, Meindl-Beinker AN. TGF-β in hepatic stellate 
cell activation and liver fibrogenesis-updated 2019. Cells. 2019;8:1419.

32. Schuppan D, Ruehl M, Somasundaram R, Hahn EG. Matrix as a modulator of 
hepatic fibrogenesis. Semin Liver Dis. 2001;21:351–72.

33. Ghosh AK, Vaughan DE. PAI-1 in tissue fibrosis. J Cell Physiol. 
2012;227:493–507.

34. Honda Y, Imajo K, Kato T, Kessoku T, Ogawa Y, Tomeno W, et al. The selective 
SGLT2 inhibitor Ipragliflozin has a therapeutic effect on nonalcoholic steato-
hepatitis in mice. PLoS ONE. 2016;11:e0146337.

35. Tanaka Y, Kamisako T. Regulation of the expression of cholesterol transporters 
by lipid-lowering drugs Ezetimibe and pemafibrate in rat liver and intestine. 
Biochim Biophys Acta Mol Basis Dis. 2021;1867:166215.

36. Samuel VT, Liu ZX, Qu X, Elder BD, Bilz S, Befroy D, et al. Mechanism of 
hepatic insulin resistance in non-alcoholic fatty liver disease. J Biol Chem. 
2004;279:32345–53.

37. Avgerinos A, Chu P, Greenfield C, Harry DS, McIntyre N. Plasma lipid and 
lipoprotein response to fat feeding in alcoholic liver disease. Hepatology. 
1983;3:349–55.

38. Rakhshandehroo M, Knoch B, Müller M, Kersten S. Peroxisome proliferator-
activated receptor alpha target genes. PPAR Res. 2010;2010:612089.

39. Takei K, Nakagawa Y, Wang Y, Han SI, Satoh A, Sekiya M, et al. Effects of K-877, 
a novel selective PPARα modulator, on small intestine contribute to the 
amelioration of hyperlipidemia in low-density lipoprotein receptor knockout 
mice. J Pharmacol Sci. 2017;133:214–22.

40. Yan T, Luo Y, Yan N, Hamada K, Zhao N, Xia Y, et al. Intestinal peroxisome 
proliferator-activated receptor α-fatty acid-binding protein 1 axis modulates 
nonalcoholic steatohepatitis. Hepatology. 2023;77:239–55.

41. Friedman SL. Hepatic stellate cells: protean, multifunctional, and enigmatic 
cells of the liver. Physiol Rev. 2008;88:125–72.

42. Marra F, Svegliati-Baroni G. Lipotoxicity and the gut-liver axis in NASH patho-
genesis. J Hepatol. 2018;68:280–95.

43. Tilg H, Adolph TE, Moschen AR. Multiple parallel hits hypothesis in nonalco-
holic fatty liver disease: revisited after a decade. Hepatology. 2021;73:833–42.

44. Nakajima A, Eguchi Y, Yoneda M, Imajo K, Tamaki N, Suganami H, et al. Ran-
domised clinical trial: pemafibrate, a novel selective peroxisome proliferator-
activated receptor α modulator (SPPARMα), versus placebo in patients with 
non-alcoholic fatty liver disease. Aliment Pharmacol Ther. 2021;54:1263–77.

45. Araki M, Nakagawa Y, Oishi A, Han SI, Wang Y, Kumagai K, et al. The peroxi-
some Proliferator-Activated receptor α (PPARα) agonist pemafibrate protects 
against Diet-Induced obesity in mice. Int J Mol Sci. 2018;19:2148.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	Effect of pemafibrate in reducing intestinal long-chain fatty acid absorption and hepatic fibrosis in metabolic dysfunction-associated steatohepatitis rats
	Abstract
	Background
	Methods
	Animals
	Tissue sample Preparation
	Measurement of intestinal lipid absorption coefficient
	Identification of genes involved in lipid and FA absorption via real-time polymerase chain reaction
	Histological and morphometric analyses
	Statistical analysis

	Results
	Changes of postprandial fatty acid absorption in the intestine of MASH model rats upon pemafibrate treatment
	Expression of PPARα and molecules involved in the absorption and transport of FAs in the intestine of MASH model rats
	Effect of pemafibrate treatment on hepatic fibrosis and hepatic stellate cell activation

	Discussion
	Conclusions
	References


