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Abstract

Objective: Nonalcoholic steatohepatitis (NASH) is a disease entity with an increasing

incidence, with involvement of several metabolic pathways. Various organs, including the liver,

kidneys, and the vasculature, are damaged in NASH, indicating the urgent need to develop a

standard therapy. Therefore, this study was conducted to investigate the effects of drugs

targeting various metabolic pathways and their combinations on a high-fat diet (HFD)-induced

NASH medaka model.

Methods: To investigate the effects of drugs on vascular structures, the NASH animal model

was developed using the fli::GFP transgenic medaka fed with HFD at 20 mg/fish daily. The

physiological changes, histological changes in the liver, vascular structures in the fin, and

serum biochemical markers were evaluated in a time-dependent manner after treatment with

selective peroxisome proliferator-activated receptor o modulator (pemafibrate), statin

(pitavastatin), sodium-glucose cotransporter 2 inhibitor (tofogliflozin), and their combinations.

Furthermore, to determine the mechanisms underlying the effects, whole transcriptome

sequencing was conducted using medaka liver samples.

Results: Histological analyses revealed significant suppression of fat accumulation and fibrotic

changes in the liver after treatment with drugs and their combinations. The expression levels

of steatosis- and fibrosis-related genes were modified by the treatments. Moreover, the HFD-

induced vascular damages in the fin exhibited milder changes after treatment with the drugs.



Conclusion: The effects of treating various metabolic pathways on the medaka body, liver,

and vascular structures of the NASH medaka model were evidenced. Moreover, to our

knowledge, this study is the first to report whole genome sequence and gene expression

evaluation of medaka livers, which could be helpful in clarifying the molecular mechanisms of

drugs.

Keywords: NASH; fli::GFP transgenic medaka; SPPARMao; statin; SGLT2 inhibitor
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is closely associated with metabolic dysregulation,

including obesity, diabetes, hyperlipidemia, hypertension, and insulin resistance and it is

frequently complicated with various metabolic complications of cardiovascular events and

chronic kidney disease [1]. Therefore, it is reasonable to hypothesize that therapeutic

interventions for metabolic dysregulation could reverse hepatic steatosis and slow down the

liver inflammation and fibrosis in NASH [2]. Although various studies have demonstrated the

potential of each target, no standard therapeutic option has been established as a successful

regimen to date. Therefore, we have examined the effect of selective peroxisome proliferator-

activated receptor a modulator (SPPARMa) of pemafibrate (PEMA) [3]; the statin of

pitavastatin (PITA) that is known to decrease hepatic inflammation through the inhibition of

RhoA and Ras signaling [4, 5]; the sodium-glucose cotransporter 2 inhibitor (SGLT2I) of

tofogliflozin (TOFQO), which reduce hyperglycemia and NAFLD and its cardiovascular events

[6]; and the combinations of these drugs on NASH and its vascular damages in medaka NASH

model [7-9] in this study.

Materials and Methods

Animals and diets

All animal experiments were conducted in full compliance with the regulations of the
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Institutional Animal Care and Use Committee at Niigata University (Niigata, Japan) that also

approved the study protocol (Nos. 406-6, 00424, and 00804). 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 (USA). fIi:: GFP transgenic medaka (Strain ID:

TG1206) was supplied by NBRP Medaka (https://shigen.nig.ac.jp/medaka/), in which a GFP-

expressing cassette was inserted under the control of the fIi promoter of Kyoto-Cab strain and

drives gene expression in all blood vessels in the fish [7]. The fish used in the experiments were

aged 6 months. They were maintained in plastic tanks containing 2 L of tap water under

fluorescent light from 8 AM to 8 PM. The water temperature was maintained at 25°C £ 1°C.

The medaka NASH model was developed by feeding the medaka fish with a high-fat diet (HFD,

HFD32; CLEA Japan, Tokyo, Japan) using a previously reported method [8-10]. Briefly, each

tank was supplied with a control diet or an HFD at 20 mg/fish daily, with all the provided food

being consumed within 14 h. The energy content of the control standard diet was 3.8 kcal/g,

with 23.2% of calories being derived from fat, 44.0% from protein, and 32.7% from

carbohydrate; vitamins and minerals were provided as recommended (Hikari labo M-450;

Kyorin Co. Ltd, Hyogo, Japan). Every 7-8 medakas at each four time points for the six groups

of HFD, HFD + pemafibrate (PEMA), HFD + tofogliflozin (TOFO), HFD + pitavastatin

(PITA), HED + PEMA + TOFO, and HFD + PITA + TOFO were prepared and analyzed, i.c.,

>40 medakas for each time point. Results were confirmed by repeating three times each
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experiment; therefore, approximately 480 medakas were evaluated.

Drug administration

PEMA, TOFO, and PITA (Kowa Co. Ltd., Tokyo, Japan) were dissolved in dimethyl sulfoxide

to maintain the concentration of the drugs in the water tanks (Nacalai Tesque, Kyoto, Japan).

The final concentration of PEMA was 6 pg/L, which is similar to the Cmax of 6 ng/mL for

humans treated with the dose of 0.4 mg used in clinical trial for NAFLD (ClinicalTrials.gov,

number: NCT03350165) [11]. The final concentration of TOFO was 0.5 mg/L, which is similar

to the Cmax of 500 ng/ml for humans treated with the standard dose of 20 mg. The final

concentration of PITA was 0.056 mg/L, which is similar to the Cmax of 26 ng/ml for humans

treated with the standard dose of 2 mg. For the combinatorial dosage of PEMA + TOFO and

PITA + TOFO, the dose adjusted below the abovementioned concentration was prepared in the

tank. This determination of concentration in the tank is consistent with our previous studies

conducted using telmisartan, TOFO, and sorafenib in a medaka model [7-9, 12]. The same

amount of dimethyl sulfoxide was administered to the tank of the HFD group. The water, HFD,

and drug in the tank were replaced every 2 days, and the tanks were carefully washed to

maintain a consistent concentration.

Histological analyses
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Liver tissue samples were collected at the appropriate time points, fixed in 10% formalin, and

embedded in paraffin. Sections (10-pm-thick) were stained with standard hematoxylin and

eosin (HE) or Sirius red. Hepatocyte fat deposition in the liver was detected by HE staining,

and fibrotic tissue in the liver was detected as the area stained red by Sirius red staining. Then,

the images were captured randomly from each tissue section, and a quantitative analysis of fat

deposition areas and fibrotic areas was performed using the ImagelJ software (version 1.8.0 112,

National Institutes of Health, USA) with the RGB-based protocol as reported previously [13].

Whole transcriptome sequencing

Whole transcriptome sequencing of Oryzias latipes (Japanese medaka) was performed to

investigate the different gene expression profiles and to perform gene annotation on a set of

useful genes based on gene ontology pathway information (outsourced to Macrogen Japan

Corp. Koto City, Tokyo, Japan). Detailed information was shown in Information of the

Supplementary Materials.)

RT-PCR

For reverse transcription PCR (RT-PCR), total RNA was extracted from the liver tissue using

the RNeasy Mini kit (QIAGEN, Hilden, Germany) and reverse-transcribed into cDNA using

the QuantiTect Reverse Transcription Kit (QIAGEN). The gene expression levels were
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measured by PCR using Tag DNA polymerase (Applied Biosystems AmpliTaq Gold)
(MiniAmp Plus Thermal Cycler, WAKENYAKU, Kyoto, Japan). These reactions were
analyzed in a microchip electrophoresis system (MCE-202 MultiNA; Shimadzu, Kyoto, Japan)
using the DNA-1000 Reagent Kit. Using the MultiNA Viewer software, the band shades of
each product were represented as the peak area, quantified, and compared respectively. The
thermal conditions were as follows: 94°C for 10 min, followed by 40 cycles of 94°C for 30 s,
55°C for 30 s, 72°C for 1 min, 72°C for 7 min, and 4°C. The primers used in this experiment
were Gapdh [14], Collala, Mmp2, Timp2b, Tgfbl [15], Accl, Fas, Ppary [12], and Ppara [16]

(Sigma—Aldrich, Tokyo, Japan) and summarized in Supplementary Table 1.

Analysis of vasculature in the medaka model

The vascular structure of fli::GFP medaka was evaluated using a fluorescence
stereomicroscope (BZ-X800; Keyence Corporation, Osaka, Japan), and images were
quantitatively analyzed using the Imagel software (version 1.8.0 112, National Institutes of
Health, USA), as reported previously [13]. A region of interest (ROI) of 20 x 100 pm? was used
to determine the vascular area in the ROI when the vascular structure was placed at the center

of the ROI.

Statistical analyses
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The obtained data were analyzed using either the Student’s #-test or a two-way factor repeated-

measures analysis of variance (ANOVA), followed by Tukey’s multiple comparison test. p <

0.05 was considered to indicate statistical significance.

Results

Effects of drugs on body and liver weights of HF D-fed fli::GFP transgenic medaka

The medaka NASH model was developed by feeding fli::GFP transgenic medaka with HFD

as reported previously [10] to investigate the effects of the drugs PEMA, TOFO, PITA, PEMA

+ TOFO, and PITA + TOFO on NASH (Figure 1A). Time-dependent macroscopic changes in

the livers of HFD-fed medaka treated or untreated with drugs for 12 weeks are shown in Figure

1B. The HFD-fed medaka showed a time-dependent increase in body weight (BW) and liver

weight (LW), peaking at 8 weeks of HFD feeding (Figure 1C). Although no significant changes

were observed in LW, the tendency to inhibit LW gain was observed in the drug-treated groups

at 8 weeks, and the LW/BW ratio was significantly suppressed at 12 weeks after treatment with

PEMA, PEMA + TOFO, or PITA + TOFO (Figure 1C).

Effects of drugs on the liver tissue of medaka

As the time-dependent and significant progression of hepatic steatosis and fibrosis were evident

by HE staining and Sirius red staining at 12 weeks in the HFD-fed fli:: GFP transgenic medaka,

the effects of drugs on these histological changes in HFD-fed medaka were examined (Figure
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2). Although PITA and PITA + TOFO retarded the hepatic steatosis 4 and 8 weeks after HFD

feeding (Figure 2A, B), PEMA resulted in long-term suppression of hepatic steatosis after 12

weeks of HFD feeding (p < 0.05), and its effect was further increased when combined with

TOFO (PEMA + TOFO, p < 0.001, Figure 2A, 2B). Sirius red staining demonstrated a

continuous effect of PEMA on the suppression of liver fibrosis progression by 12 weeks and

TOFO at 8 and 12 weeks after HFD feeding (Figure 2C, D), and further suppression was

observed with PEMA + TOFO and PITA + TOFO at 12 weeks after HFD feeding. These results

suggest that PEMA is effective in reducing steatosis and fibrosis in the liver and its effect

increases in the later stage when combined with TOFO.

Effects of drugs on gene expression in the liver of medaka

Whole transcriptome sequencing was performed as mentioned earlier, and to determine the

effect of the drugs on the medaka NASH model, the changes in the expression of various genes

in liver cells were examined by transcriptome sequencing (Figure 3). Analyses were

successfully performed on all seven paired-end samples (Supplementary Figure 1A).

Supplementary Figure 1B shows the throughput of raw data and trimmed data, and

Supplementary Figure 1C shows the Q30 percentage (% of bases with quality over phred

score 30) of each sample’s raw and trimmed data. Then, DEG analysis was performed on six

comparison pairs of normal liver vs HFD12W, PITA4W vs HFD12W, PEMASW vs HFD12W,
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TOFO8W vs HFD12W, PEMA + TOFO12W vs HFD12W, and PITA + TOFO vs HFDI12W,

which revealed significant differences in histological analyses, using edgeR to determine the

potential mechanisms underlying the reduction of hepatic steatosis and fibrosis by these drugs.

The results disclosed 3720 genes that satisfied |fc|>2 & exactTest raw p < 0.05 conditions in at

least one of comparison pairs. Figure 3A and 3B shows the result of hierarchical clustering

(distance metric = Euclidean distance, linkage method = complete) analysis. It graphically

represents the similarity of expression patterns between samples and genes. The DEG list was

further analyzed in gProfiler (https://biit.cs.ut.ee/gprofiler/orth) for gene set enrichment

analysis per biological process (BP), cellular component (CC), and molecular function (MF);

Figure 3C-E shows the significant gene set according to each category. Other than the

significant changes in the gene expression categorized in BP in the group treated with PITA

(Figure 3C) and PEMA (Figure 3C) and in CC in the group treated with TOFO (Figure 3D),

genes related to MF exhibited significant changes in groups treated with 4WPITA, SWPEMA,

8WTOFO, and 12WPEMA + TOFO, and 12WPITA + TOFO in a time-dependent manner

(Figure 3E). Each set of these categories in the comparisons is shown in Supplementary

Figure 2.

To further determine the effects of drugs on the liver, the genes related to steatosis and fibrosis

that exhibited significant differences in RNA-Seq analyses were evaluated in the liver by RT-
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PCR (Figure 3F and 3G). Among the 3720 genes that exhibited significant differences in

expression in at least one comparison (Figure 3A), the genes of acetyl-CoA carboxylase 1

(Accl), 5.7-fold FC decrease in normal liver, fatty acid synthase (Fas), 57-fold FC decrease in

normal liver, 3.6- and 116-fold decrease in PEMA + TOFO12W and PITA + TOFO12W,

respectively, peroxisome proliferator-activated receptor alpha (Ppara), 2.2- and 4.3-fold FC

increase in PEMASW and TOFO8W, peroxisome proliferator-activated receptor gamma

(Ppary), 3.0-fold FC decrease in TOFO8W, collagen type I, alpha l1a (collala), 5.1-fold FC

decrease in normal liver, 4.7-fold decrease in PITA + TOFOI2W group, matrix

metalloproteinase 2 (Mmp2), 5.2-, 2.9-, and 4.6-fold FC decrease in normal liver, PITA4W, and

PEMA + TOFO12W, tissue inhibitors of metalloproteinase 2b (7imp2b) showed 4.5-, 3.6-, and

3.4-fold FC increase in normal liver, PEMA + TOFO12W, and PITA + TOFO12W, respectively,

and transforming growth factor beta 1 (7gfp1), 2.3-, 2.7-, 2.1-, and 2.1-fold FC decreases in

normal liver, PEMA8W, TOFO8W, and PEMA + TOFO12W, respectively, were evaluated for

each time point. Based on the results, Acc/ and Ppary expression showed significant inhibition

in groups treated with PEMA, TOFO, and PEMA + TOFO at 8 weeks, and Fas expression

showed a decreasing tendency in groups treated with PEMA and TOFO at 4 and 8 weeks. Ppara

expression showed no significant changes (Figure 3F). Furthermore, PEMA- and TOFO-

treated groups showed decreased expression of Collala at 4 weeks and of Timp2b and Tgfp1

at 8 weeks, and the PITA-treated group showed inhibition of Mmp2, Timp2b, and Tgfpl
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expression after 8§ weeks. Moreover, the combinatorial medication of PEMA + TOFO and PITA

+ TOFO resulted in suppression of these fibrosis-related gene expressions continuously by 12

weeks of HFD feeding. These results indicate that the gene expression changes caused by these

drugs could contribute to the suppression of the HFD-induced hepatic steatosis and fibrosis,

especially in the PEMA- and TOFO-group at 8 weeks that led to the histological differences

observed at 12 weeks.

Effects of drugs on the vascular structures of HFD-fed medaka fin

As Ppary has been reported to be the key molecule for the promotion of adipogenesis [17],

which is related to atherosclerosis of vessels [18], the vascular structures in the fin of HFD-fed

medaka were examined after treatment with the drugs (Figure 4). The HFD-fed fli::GFP

transgenic medaka fish showed narrowing changes in the vascular diameter due to the

atherosclerotic changes that led to a decrease in the GFP-positive area in the fin after 12 weeks

of HFD feeding (Figure 4A), which was significantly different (Figure 4B). The medaka fish

treated with the drugs showed maintenance of the vascular area at 12 weeks after HFD feeding,

especially when treated with the regimens comprising PEMA (PEMA, PEMA + TOFO)

(Figure 4B).

Effects of drugs on biochemical parameters



10

11

12

13

14

15

16

17

18

19

14

Although the levels of TG, ALT, yGTP, TC, LDL-C, HDL-C, and BS showed a decreasing

tendency after treatment with the drugs, the differences were not statistically significant

(Supplementary Figure 3).

Discussion

Although there is no standard therapeutic option for NASH, because it is generally considered

as a hepatic manifestation of metabolic syndrome, the development of strategies to address

metabolic dysregulation is a foundational element for therapeutic options [1]. Accordingly, our

study demonstrated that the progression of NAFLD pathology was controlled by PEMA, TOFO,

and PITA, and their combinations by various degrees as evidenced by biochemical analyses,

histological analyses, gene expression analyses, and vasculature analysis in the HFD-fed

medaka fish (O. latipes) model. Among the drugs, PEMA and PEMA + TOFO resulted in a

suppressive effect on LW/BW, hepatic steatosis, and fibrosis, and PITA had an effect on

steatosis, LW/BW, and fibrosis when combined with TOFO (Figure 1). Furthermore, these

drugs, especially PEMA, PITA, and their combinations with TOFO, resulted in milder

atherosclerotic changes in vascular diameter (Figure 4). The underlying mechanisms included

modifications of the gene expression of steatosis-related Acc/ and Ppary when treated with

PEMA, TOFO, and their combination. PPARSs are nuclear receptors that play a regulatory role

in lipid metabolism and considered as key drugs for treating NASH and its cardiovascular



10

11

12

13

14

15

16

17

18

19

15

complications [3]. Among them, PEMA decreases serum TG levels, increases HDL-C levels,

and improves NASH pathogenesis through the modulation of lipid turnover and energy

metabolism in the liver [3, 11] and exerts a beneficial effect in ischemic vascular diseases [19].

Statins improves liver function and reduce the cardiovascular events of NAFLD cases [5] while

the fewer reports on PITA have been reported due to concerns of hepatotoxicity [20]. SGLT2

inhibitors reduce hyperglycemia by suppressing glucose reabsorption in the proximal tubules

and improving insulin resistance, glucotoxicity, and lipotoxicity [21]. They have been shown

to be effective in ameliorating NAFLD progression in basic [8, 22] and clinical [23] studies.

Furthermore, SGLT2 inhibitors have the potential of cardiorenal protection [24]. Among them,

TOFO is a highly specific SGLT2 inhibitor [25] that reduces hyperglycemia and NAFLD and

its cardiovascular events [6]. We had recently demonstrated that TOFO exerts effect on fatty

infiltration and fibrotic changes in the liver [8] and on the renal injury [9] of HFD-fed medaka

NASH model. To further consider the effective treatment for NASH and its complications in

the vascular structures, we combined these therapeutic agents to target several metabolic

pathways and showed its efficacy. The combinatorial effects have not been reported to date

other than the report combining thiazolidinedione and liraglutide [26], which showed improved

glucose tolerance and liver histology, and combining apical sodium-bile acid transporter

inhibitor and fibroblast growth factor-15 signaling activation, which improved NASH

pathology [27].
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Medaka has been used to for NAFLD studies [8, 16] and the fli::GFP transgenic medaka model

used in the current study is useful for determining the cardiovascular lumen as it expresses GFP

in vascular endothelial cells [28] and for examining the vascular damage by detecting the GFP-

positive area in their fins [7]. Our study might have a limitation in serum biochemical analyses

because the total blood volume that can be collected from a medaka is approximately 2 uL,

and therefore, the blood samples collected from all animals from the three repeated experiments

were pooled and measured as a single sample, and hence, the result was not accurate.

In conclusion, the effects of SPPARMau, statin, and SGLT2 inhibitor on the liver and vascular

structure of the medaka NASH model were evidenced. Furthermore, the HFD-induced fli::GFP

transgenic medaka NASH model was useful for determining the effects on the liver, the

vascular structures, and the gene expression in the liver to clarify the molecular mechanisms

of the action of drugs.
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Figure Legends

Figure 1. Effects of drugs on macroscopic findings and the body and liver weights of HFD-

fed fli::GFP transgenic medaka

(A). Schematic presentation of the study design. (B). Time-dependent macroscopic changes in

the medaka body. (C). Liver weight (LW) and body weight (BW) were calculated at the

appropriate time points. The values represent mean £ SD (n = 15 for each group). * p < 0.05

compared to HFD group. Two-way ANOVA followed by Bonferroni’s multiple comparison test.

The scale bar represents 5 mm. HFD, high-fat diet, PEMA, pemafibrate, TOFO, tofogliflozin,

PITA, pitavastatin, BL, body length, BW, body weight, LW, liver weight. Hr, heart; Lv, liver;

GB, gall bladder; Gut, digestive tract.

Figure 2. Effects of drugs on histological changes and deposition of fatty and fibrotic

tissue in the liver of HFD-fed fli::GFP transgenic medaka

(A) Representative microscopic findings of medaka liver tissues stained with hematoxylin and

eosin. (B) Quantitative analysis of fat deposition areas in the medaka liver. (C) Representative

microscopic findings of medaka liver tissues stained with Sirius red. (D) Quantitative analysis

of the fibrotic area in the medaka liver. Scale bar represents 100 um. The values represent mean

+ SD (n = 15 for each group). * p <0.05, ** p <0.01, and *** p < 0.001 compared to HFD

group. Student’s #-test.
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Figure 3. Effects of drugs on gene expression in the liver of HFD-fed fli::GFP transgenic
medaka

(A) Heatmap for differentially expressed genes. (B) Hierarchical clustering. (C) Gene set
enrichment analysis per biological process, (D) cellular component (CC), (E) molecular
function (MF). (F) Expression of hepatic steatosis-related genes in each animal group. Accl,
acetyl-CoA carboxylase 1, Fas, fatty acid synthase, Ppara, peroxisome proliferator-activated
receptor alpha, Ppary, peroxisome proliferator-activated receptor gamma, Gapdh,
Glyceraldehyde 3-phosphate dehydrogenase. (G) Expression of hepatic fibrosis-related genes
in each animal group. Collala, collagen type 1, alpha 1a, Mmp2, matrix metalloproteinase 2,
Timp2b, tissue inhibitors of metalloproteinase 2b, Tgff1, transforming growth factor beta. The
values represent mean + SD (n=5). *p <0.05, **p <0.01, and N.S., no statistical significance.

Student’s #-test.

Figure 4. Effects of drugs on the vascular structures of HFD-fed fli::GFP transgenic
medaka
(A) GFP-positive area in the fin. (B) GFP-positive vascular area in the region of interest (ROI)

of 20 x 100 um?. The values represent mean + SD (three vessels each in six medakas in each
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group were evaluated) * p < 0.05, ** p < 0.01, and N.S., no statistical significance. Student’s

t-test.
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Figure 3
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Supplementary Table 1.

Gapdh F ACCTCCACTCCACCTAAGCA

GapdhR GCTTCATGCACTGGAAGACA

CollalaF AAGAAGCACGTCTGGTTTGG

CollalaR AAACAGACGGGTCCAACTTC

Mmp2 F  ACTGAGGGCAGAGATGATGG

Mmp2 R TTTCAGGGCAGAAGCCATAG

Timp2b F AGTTCTGACCCCAACATCG

Timp2b R GCCGTCCTACCAATTTTGC

Tgfbl F AAGTGGCTGTCCTTTGACG

Tgfbl R TATCCGCTTCTTCTCCATCC

AcclF GAGTGACGTCCTGCTTGACA

AcclR ACCTTTGGTCCACCTCACAG

FasF GACGCTTCAGGAAATGGGTA

FasR GGACAGGAACCGGACTATCA



PparyF ACGCTTCCATTTCCTCCTCT

Ppary R GACAGTGAAGGTCGCAGTGA

Ppara F GCACGTCGGTGGAGACGGTCA

Ppara R CTTTGGCTCCATCATGTCGC




