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Bilirubin, a hepatoprotective agent
that activates SIRT1, PGC-1¢q, and
PPAR-a, while inhibiting NF-kB

In rats with metabolic-associated
fatty liver disease
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Metabolic-associated fatty liver disease (MAFLD) is a chronic liver disorder characterized by fatty liver
disease alongside overweight or obesity and/or type 2 diabetes mellitus (T2DM). Timely intervention
is crucial for a potential cure. This study aimed to investigate the effects of bilirubin, an endogenous
antioxidant, on lipid metabolism and inflammation in MAFLD. Specifically, it examined bilirubin’s
impact on SIRT1, PPAR-a, and NF-kB in the livers of rats with MAFLD induced by a high-fat diet (HFD)
and streptozotocin (STZ) administration. Forty eight-week adult male Sprague Dawley rats were
divided into five groups (n = 8): Control, HFD-STZ, HFD-S-BR6, HFD-S-BR14, and C-BR14. In the last
three groups, bilirubin administration was performed intraperitoneally for 6 and 14 weeks (10 mg/
kg/day). We selected the key genes associated with MAFLD and subsequently performed GO (Gene
Ontology) and KEGG (Kyoto Encyclopedia of Genes and Genomes) analyses to explore the enriched
biological processes and signaling pathways. Hence, the gene expression of SIRT1, PGC-1«, PPAR-q,
and inflammatory genes (NF-kB, TNF-q, IL-6, and IL-1B) was measured using Real-time quantitative
PCR. Stereological and histopathological alterations of liver structure as well as lipid profile,
biochemical indices, and liver indices, were also assessed among different groups. The enrichment
analysis identified that several signaling pathways and biological processes might be related to
MAFLD. Bilirubin-treated rats contained higher PPAR-a, PGC-1a, and SIRT1 expression levels by
approximately 5.7-, 2.1-, and 2.2-fold, respectively, compared to the HFD-receiving rats (p < 0.0001,
p <0.05, and p <0.05). Whereas, the genes involved in the inflammatory cascades, including NF-kB,
TNF-a, and IL-6, were downregulated by 0.6-fold (p <0.05) following 14-week treatment of bilirubin,
while only significantly decreased expression of NF-«kB and IL-6 (approximately 0.6-fold, p < 0.05) were
observed after 6-week treatment of bilirubin. Remarkably, bilirubin administration favorably reversed
the effects of HFD on the liver’s volume and cell numbers and ameliorated the related structural
changes. It also improved lipid profile, biochemical parameters, and liver indices of HFD-STZ rats. This
study indicated that bilirubin acts as a protective/ameliorative compound against MAFLD, particularly
through regulating the key genes involved in lipid metabolism and inflammation in HFD-STZ rats.
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Abbreviations

MAFLD Metabolic associated fatty liver disease

MASH Metabolic associated steatohepatitis

PPAR-a Peroxisome proliferator-activated receptor-alpha
RXR Retinoid X receptor

NF-xB Nuclear factor kappa B

TNF-a Tumor necrosis factor-alpha

IL-6 Interleukin 6

IL-1P Interleukin-1 beta

SIRT1 Silent information regulator sirtuin 1

PGC-1la PPAR gamma coactivator 1 alpha

HFD High-fat diet

STZ Streptozotocin

RT-qPCR  Reverse transcription-quantitative polymerase chain reaction
PPREs PPAR response elements

ER Endoplasmic reticulum

Metabolic associated fatty liver disease (MAFLD), a chronic liver disorder defined inclusively as the presence
of fatty liver disease concomitantly with the presence of overweight or obesity and/or type 2 Diabetes mellitus
(T2DM), is a growing health concern worldwide, and serious action is needed for its management'. It has been
suggested that the presence of metabolic syndrome indicators, such as obesity, hyperglycemia, dyslipidemia,
and inflammation might be key driving forces in MAFLD pathogenesis. In this context, a sedentary lifestyle and
being on a high-fat diet can exacerbate the disease conditions?*. Currently, there are no definitive medications
approved by the Food and Drug Administration (FDA) against MAFLD, and in most cases, MAFLD and the
later MASH are usually asymptomatic until the disease progresses to the end stage, when a liver transplant is the
only therapeutic option available. Therefore, early diagnosis and intervention may be useful to identify people
who have the potential to develop more advanced stages of such devastating disorder>®.

It is conceivable that the management of lipid metabolism is regarded as the first measure to be taken to
control MAFLD. In this regard, lipid metabolism in the liver is controlled by a highly dynamic transcriptional
regulatory network. These regulatory factors include members of nuclear receptors, particularly PPAR-a, which
is highly expressed in the liver’. This class of nuclear receptors form heterodimers with retinoid X receptor
(RXR) and act as lipid sensors through direct binding to a variety of lipids and their derivatives®. Upon lipid
binding, the transcription of a family of genes involved in lipid homeostasis is modulated, leading to the control
of hepatic and the whole-body energy metabolism in response to nutrient availability. Therefore, PPAR-a
is an important metabolic sensor that provides the possibility of adjusting the rate of lipid metabolism, and
lipogenesis in response to feeding and starvation®’. In addition to its role in regulating metabolism, PPAR-a also
has anti-inflammatory effects through the negative regulation of NF-kB!’. NF-kB is a key transcription factor
that triggers the downstream inflammatory cascade such as TNF-a, IL-6, and IL-1f, which bolsters NF- kB
activation by creating a feedback loop!!.

Recent evaluations have indicated that SIRT1 also plays a substantial role in regulating transcriptional
networks in different pathophysiological circumstances. Remarkably, SIRT1’s function depends on the presence
of NAD", which is also an indicator of cellular energy status'>!>. SIRT1 can also directly deacetylate and activate
its downstream targets, such as PGC-1a, further leading to the regulation of energy homeostasis and lipid
metabolism!'#. Additionally, NF-«B and SIRT1 signaling pathways inversely interact with each other to maintain
metabolism and energy in balance with the inflammatory response!”. Together, it is tempting to speculate that
there is an interaction between SIRT1, PGC-1a, and PPAR-a relative to the regulation of lipid metabolism,
as well as inflammation, inside the liver's. Henceforth, a better understanding of whether the management of
MAFLD by PPAR-a ligands or SIRT1 activators leads to liver fat reduction or not can be valuable in designing
potential therapeutic approaches.

For an extended period, bilirubin, a byproduct of heme catabolism, was traditionally regarded as an indicator
of liver dysfunction”’ls. However, recent decades have seen a shift in this perspective, with bilirubin being
proposed as a potential endogenous antioxidant and anti-inflammatory agent capable of exerting protective
effects against various inflammatory conditions, including metabolic syndrome, diabetic nephropathy,
atherosclerosis, cancer, and fatty liver diseases!®23, Notably, numerous studies have demonstrated the beneficial
effects of bilirubin in both animal and cellular models, contributing to the amelioration of fatty liver disease?*%°.

Previous literature indicates that mild unconjugated hyperbilirubinemia is associated with lipid-lowering
effects and a reduced risk of developing and progressing non-alcoholic fatty liver disease?®2%. Initially, these
effects were attributed to the robust antioxidant properties of bilirubin?’; however, emerging evidence suggests
that they may also result from bilirubin’s role in modulating signaling pathways through protein phosphorylation
and activating nuclear receptors such as PPAR-a**3!. Consequently, recent research has proposed a novel
function for bilirubin as a metabolic hormone and a significant signaling molecule with potential therapeutic
implications*>%,

Considering the unrecognized beneficial effects of bilirubin, it drew our attention as a potent therapeutic
agent to improve MAFLD and its related complications. Thereby, the current investigation aimed to study the
effect(s) of bilirubin, as a potential therapeutic compound, on the activation of PPAR-a- and SIRT1-dependent
pathways and decreasing inflammation with a focus on lipid metabolism in the liver of rat models of MAFLD
induced by HFD-STZ administration. Here, we also intended to assess stereological and histopathological
alterations of the liver tissue following the bilirubin treatment.
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Materials and methods

Animals

We bought 48-week-old male Sprague Dawley rats from the Animal Breeding Center at Shiraz University of
Medical Science in Shiraz, Iran. The rats’ initial weight ranged from 180 to 220 g. Before the studies began, all
the animals were housed in an environment that was carefully controlled (temperature: 25 °C+2 °C; relative
humidity: 25-35%) and provided with free access to normal food and water for one week in order to acclimate
them to the conditions of the laboratory. The Shiraz University of Medical Sciences’ Institutional Animal Ethics
Committee gave the study ethical approval (IR.SUMS.AEC.1401.066). Additionally, every procedure was carried
out in compliance with all applicable rules and laws.

Experimental design

Five groups of animals were randomly assigned as follows: (I) The control group (n=8) consisted of rats
maintained on a normal diet and treated with oleoylethanolamide, which served as a vehicle for modified oleic
acid, for a duration of 14 weeks; (II) The high-fat diet (HFD)-streptozotocin (STZ) group (n=7) also received
oleoylethanolamide for 14 weeks; (III) The treated group (n==8) was administered oleoylethanolamide alone
for the first 8 weeks, followed by a combination of oleoylethanolamide and 10 mg/kg/day bilirubin for the
subsequent 6 weeks; (IV) The protected group (n=6) comprised HFD-STZ rats treated with 10 mg/kg/day
bilirubin for a total of 14 weeks; (V) The C-BR14 group represented healthy rats (n = 8) that received only 10 mg/
kg/day bilirubin for 14 weeks (Fig. 1).

The composition of the HFD was 77% fat and sucrose, 14% protein, and 9% carbohydrates (Table 1)**. Five
minutes prior to each injection, streptozotocin (STZ) at a dosage of 35 mg/kg (Sigma-Aldrich, USA; Cat. No.
S0130) was prepared in a 0.1 M citrate buffer with a pH of 4.5. Throughout the duration of the experiment, STZ
was protected from light exposure. Following an 8 week dietary adjustment period, an intraperitoneal injection
of the prepared STZ was administered®®. Based on serum bilirubin levels reported in individuals with Gilbert’s
syndrome and humanized mice models of the condition with transgenic expression of the human UGT1A1*28
genotype, the injectable dose of bilirubin was chosen. A dose of 10 mg/kg/day (17 umol/kg/day) was determined
to be the appropriate intraperitoneal (I.P) injection dosage®. Following the administration of the specified
dose, serum levels of total bilirubin were observed to increase nearly twofold. We also investigated the effects of
administering 20 and 30 mg/kg/day of bilirubin to each rat, which resulted in an increase in mortality rates after
one week. This constituted a pilot study. Notably, no fatalities were recorded at the dosage of 10 mg/kg/day of
bilirubin. Consequently, the appropriate dosage of bilirubin was subsequently determined based on the survival
outcomes of the rats during these preliminary investigations?>. Parenthetically, the unconjugated bilirubin
powder (Sigma Aldrich, USA; Cat. No. B4126) was dissolved in oleoylethanolamide (Sigma-Aldrich, USA; Cat.
No. 00383), as the modified oleic acid. The duration required to establish the HFD-STZ model provided a
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Fig. 1. Schematic figure of the experiment design in rats. Control group: rats receiving a normal diet

and treated with oleoylethanolamide for 14 weeks as the vehicle; HFD-STZ: Rats receiving high-fat diet
(HFD), streptozotocin (STZ), and oleoylethanolamide for 14 weeks; HFD-S-BR6: HFD-STZ rats receiving
oleoylethanolamide alone for the first 8 weeks and then along with it received bilirubin for the next 6 weeks;
HFD-S-BR14: HFD-STZ rats treated with bilirubin for 14 weeks; and C-BR14: Healthy rats treated with only
bilirubin for 14 weeks.
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Components of high fat emulsion | Amount
Corn oil (g) 400
Saccharose (g) 150
Total milk powder (g) 80
Cholesterol (g) 100
Sodium deoxycholate (g) 10
Tween 80 (g) 36.4
Propylene glycol (g) 311
Vitamin mixture (g) 2.5
Cooking salt (g) 10
Mineral mixture (g) 1.5
Distilled water (ml) 300
Total energy (kcal/l) 4342

Table 1. The composition and caloric content of the high-fat emulsion.

rationale for the 6 week bilirubin treatment period in the HFD-S-BR6 group. Based on prior research and our
pilot experiments, it was recommended that treatment commenced following the STZ injection, which occured
8 weeks after dietary manipulation?’. Non-fasting blood glucose levels were measured two weeks post-STZ
injection using a lancet and an Accu-Chek glucometer to evaluate the effects of the treatment. Additionally, the
body weight of the animals was assessed on a weekly basis.

At the end of the week 14, after weighing and a 15-h fasting, rats were anesthetized with an intraperitoneal
injection of ketamine and xylazine solution (Sigma Aldrich, USA; Cat. No. K113)3. In accordance with the
guidelines established by the university’s ethics committee, each rat was euthanized by placing it in a CO,
chamber. Subsequently, blood samples were collected from the cardiac cavity. Following the excision and rinsing
of the livers with cold saline, both the weight and volume of the livers were promptly measured to determine
stereological parameters and the liver index, defined as liver weight divided by the body weight (expressed as a
value less than 100). Portions of the liver were then frozen in liquid nitrogen and stored at — 80 °C for subsequent
Real-time Quantitative PCR (RT-qPCR) analysis. Additionally, a segment of the tissue samples was excised
and preserved in 10% formalin buffer (Merck, Germany; Cat. No. 104002) for stereological and pathological
examinations.

GO and KEGG pathway analysis

The enrichment analysis was performed utilizing a variety of bioinformatics tools to elucidate significant
biological processes and pathways associated with genes implicated in MAFLD (same as NAFLD). The
methodology was structured as follows: initially, a curated set of genes pertinent to MAFLD was entered into the
Kyoto Encyclopedia of Genes and Genomes (KEGG) mapper tool, which generated a comprehensive map of the
involved genes. The genes of interest were distinctly highlighted to facilitate subsequent analyses (Gene Input
and Mapping). Following this, the Enrichr-KG tool was employed to explore the biological processes linked to
the input genes. This phase involved querying several databases, including Gene Ontology (GO) for biological
processes, Reactome, DisGeNET, KEGG, and WikiPathways (Enrichment Analysis). Subsequently, statistical
metrics were computed for each identified biological process and pathway. These metrics included p-values,
q-values (adjusted for multiple testing), z-scores, and combined scores to evaluate the significance of the
enrichment (statistical evaluation). Eventually, results from the various databases were systematically compiled
into tables to enable clear comparisons of the identified biological processes and pathways (Data Compilation).

Biochemical analyses

For biochemical analyses, blood samples were centrifuged at 3000 rpm for 15 min, and the serum fractions
were subsequently frozen at—20 °C. An automated biochemistry analyzer (Prestige 24i, Japan) was utilized
to assess serum levels in all rats for the following parameters: blood urea nitrogen (BUN), creatinine (Cr),
total cholesterol (TC), triglycerides (TG), low-density lipoprotein (LDL)-cholesterol, high-density lipoprotein
(HDL)-cholesterol, alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase
(ALP), total bilirubin (TBIL), and direct bilirubin (DBIL).

mRNA expression status of the target genes

Initially, the frozen liver tissues (50-100 mg) were homogenized using a Potter-Elvehjem homogenizer (Bodine
Electric, Chicago, IL, USA) and total RNA was extracted using the YTzol extraction solution (Yekta Tajhiz Azma,
Iran; Cat. No. YT'9065). In all steps, the samples were put on ice, and centrifugation was at 4 °C. The homogenates
were mixed with 1 ml YTzol reagent and incubated for 5 min. Then, 0.2 ml chloroform (Merck, Germany; Cat.
No. 107024) was added to the microtube, which was vortexed for 15 s. The mixtures were incubated for 5 min,
and centrifugation for phase separation was done at 12,000 RCF for 15 min. Next, 0.4 ml of the aqueous layer
was separated, mixed with 0.4 ml isopropanol (Merck, Germany; Cat. No. 109634), and incubated for 15 min.
The microtubes underwent centrifugation at 12,000 RCF for 15 min, and the supernatants were cautiously
removed. The RNA pellets were rinsed once with 1 ml of 75% ethanol (Merck, Germany; Cat. No. 100983) and
then centrifuged at 7500 RCF for 8 min. After the final centrifugation, the ethanol was carefully separated, and
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RNA pellets were air-dried. Finally, the RNAs were dissolved in 0.05 ml DEPC-treated water (CinnaGen, Iran;
Cat. No. MR8244C) and heated at 55 °C for 10 min®. Integrity and purity of the total RNA extracted from the
homogenate were assessed using agarose gel electrophoresis and a NanoDrop spectrophotometer. Subsequently,
total RNA was reverse-transcribed into complementary DNA (cDNA) utilizing a cDNA synthesis kit (Yekta
Tajhiz Azma, Iran; Cat. No. YT4500). RT-qPCR was performed to evaluate the mRNA expression levels of
PPAR-a, PGC-1a, SIRT1, NF-kB, TNF-q, IL-6, and IL-1B, with a-actin serving as the housekeeping gene4°. The
primer sequences for the target genes were designed using the Allele ID program (version 7.73), as detailed in
Table 2.

RT-qPCR protocol commenced with an initial denaturation step at 95 °C for 10 min, followed by 35 cycles
consisting of denaturation at 95 °C for 15 s, annealing at 60 °C for 30 s, and extension at 72 °C for 30 s. This was
concluded with a final extension step at 72 °C for 10 min. A no-template control (NTC) using sterile nuclease-
free water (ddH20O) was included to ensure the accuracy of expression quantification, which was performed in
duplicate for each sample. Relative quantification of gene expression was conducted using the 2724 method,
which assesses the difference in cycle threshold (Ct) values (ACt) between the reference gene and the target
genel.

Stereological and histopathological studies
The unbiased stereology was used to evaluate the structural changes related to the liver. In addition to the
quantitative exposition of changes, stereological assessments were applied to define the extent of changes.

Estimating the liver volume

Following the cleaning of the livers, their volume (V) was determined using the Scherle method*2. In
summary, the liver was suspended with thin threads and placed into a bottle containing regular saline. The
weights of the bottle before and after the livers insertion were recorded. The total liver volume in cubic
centimeters (cm?) was calculated by subtracting the pre-insertion weight from the post-insertion weight, and
this value was subsequently divided by the specific gravity of normal saline (1.0048 g/cm?®)**. For stereological
and histopathological investigations, the orientation method was applied to obtain Isotropic Uniform Random
(IUR) sections**. As previously stated, we first stored the newly extracted tissues at 4 °C for hematoxylin and eosin
(H&E) staining. After that, we left the tissues in formalin fixative for 7 days, changing the fixative solution every
24 and 48 h. The liver tissue samples were fixed in paraffin after the slices and a circle punched out combined
were dehydrated using a graded ethanol series. The sections made using a microtome (5 and 25 um) were then
stained with H&E dye. The following formula was used to calculate the rate of tissue volumetric shrinkage**:

Volume shrinkage = 1 — (AA/AB)'®

where “AA” and “AB” were the areas of circular pieces, after and before tissue processing, cutting, and staining,
respectively (AB=4.5 mm). The final volume of the liver was then calculated by the following formula**:

Viinaltiver = Vprimary X (1 — Volume shrinkage)

Estimating the volume density of the liver components

To evaluate the 5-pm sections, a video-microscopy equipment (Nikon, E200, Japan) was utilized. At a final
magnification of 770 X, a stage micrometer scanned equidistantly along the X and Y axes, examining 8 to 14 tiny
fields for each liver sample. The sample section image on the monitor (Fig. 2A) was covered by the point probe,

Gene Primers | Sequences
Forward | CGGGTCATACTCGCAGGAAAG
PR e everse | TGGCAGCAGTGGAAGAATCG
Forward | GCTTGACTGGCGTCATTCA
PG verse | ACAGAGTCTTGGCTGCACATGT
Forward | TGACCTCCTCATTGTTATTGGG
SR everse | TCGCCACCTAACCTATGACAC
Forward | CCAGCACCAAGACCGAAGCAA
NE-«B Reverse | CCAGCACCAAGACCGAAGCAA
Forward | ACTGAACTTCGGGGTGATCG
TNE everse | GOTTGGTGGTTTGCTACGAC
Forward | TGTATGAACAGCGATGATG
18 Reverse | AGAAGACCAGAGCAGATT
Forward | CTGTGACTCGTGGGATGATG
LB Reverse | AGGGATTTTGICGTTGCTTG
| Forward | CACACCCGCCACCAGTTCG
Pactin  rerse | ACCCATTCOCACCATCACACC

Table 2. Primers’ sequences.
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which had 25 points. The volume density (Vv) of the tissue components, e.g., hepatocytes and sinusoids, was
calculated using the point counting method and the following equation®*4>:

W = Z Pcomponent)/ Z Preference)

Wcomponent) = VV(component) X ‘/(finalliver)

where P and P were total points in the component’s profile and the reference space, respectively.

(component) (reference)

Estimating the number of hepatocytes’ nuclei and Kupffer cells

Using tissue sections with a thickness of 25 pum, the “optical dissector method” and the unbiased counting frame
at a final magnification of X1440 were used to determine the number of Kupffer cells and nuclei of hepatocytes
(Fig. 2B). Next, a stereological software (StereoLite, SUMS, Shiraz, Iran), microcator (Heidenhain, Germany),
and E200 microscope (numerical aperture=1.30, oil immersion objective 40x) were used. The following
formulas were used to determine the numerical density (NV), the total number of hepatocyte nuclei, and the
Kupffer cells*®47;

Ny =3Q/(XP X XA X h) x (t/BA)

N(total) = Ny x ‘/(final liver)

where “YQ” describes the number of the cells counted, “YA” describes the total areas of unbiased counting
frames (the area of each frame is 1205.5 um?), “h” is the height of the dissector (15 um), “t” is the mean section’s
thickness of all fields assessed by a microcator (~22 um), and “BA” (Block advance) is the section’s thickness of
the microtome set at 25 pm.

Histopathological scoring

The liver slides were interpreted by a professional pathologist blinded to all clinical data. The pathologist assessed
the presence and severity of histopathological changes using NAFLD activity score (NAS)*®. Based on Table 4,
this scoring criteria includes 12 histological parameters in the liver, which provides a standardized system and
semi-quantitative grading to evaluate the extent of liver lesions in MAFLD.

Statistical analyses

Each data point was expressed as mean+SD. The SPSS software (version 24.0) was utilized for statistical
analysis, whereas the GraphPad PRISM software (version 9.5.0) was utilized for designing curves and graphs.
One-way analysis of variance (ANOVA) and Tukey’s post hoc test were used to assess the statistical significance
across numerous treatment groups. The effects of treatment X time were examined by using a two-way repeated

Fig. 2. (A) The volume density (Vv) of liver tissue components (i.e., hepatocytes and sinusoids), which was
estimated using the point-counting method. (B) The optical dissector method was used to indicate the number
of hepatocytes’ nuclei and Kupffer cells.
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measures ANOVA to analyze the changes in the experimental rats’ body weight over time. In this investigation,
a p-value of less than 0.05 (p <0.05) was deemed statistically significant.

Results

The enrichment analysis yielded several significant biological processes associated with
MAFLD

The KEGG enrichment analysis revealed several significantly enriched pathways associated with the DEGs
identified in our study. Notably, pathways related to cellular processes such as “apoptosis,” “cell cycle,” and
“metabolic pathways” were among the most enriched (Fig. 3).

Apoptosis Pathway showed a high degree of enrichment (p < 0.01), indicating that several DEGs are involved
in apoptotic processes, which may suggest a potential mechanism for cell death regulation in response to
treatment. Significant enrichment was also observed in cell cycle pathway (p < 0.05), highlighting alterations in
cell proliferation mechanisms that may contribute to tumor growth dynamics. Metabolic Pathways demonstrated
notable enrichment (p <0.05), suggesting that metabolic reprogramming is a critical feature of the biological
response observed in our dataset. The graphical representations generated by Enrichr-KG illustrated how
specific DEGs mapped onto these pathways, providing insights into their functional roles and interactions within
cellular contexts (Fig. 3). Overall, these results underscore the importance of these pathways in understanding
the biological implications of the observed gene expression changes.

Biological processes, including negative regulation of lipid storage (GO:0010888), adipocyte differentiation
(G0O:0045599), and apoptotic process (GO:0043066), and positive regulation of transcription by RNA
polymerase IT (GO:0045944) (Fig. 4), as well as other pathways identified in KEGG, such as insulin resistance and
adipocytokine signaling pathway (Fig. 5) were also found to be correlated with MAFLD but in a non-significant
manner. Further enrichment analyses, including Reactome, DisGenNET, and Wikipathway, were performed and
their output are available in Supplementary Material 1. For more information on signaling pathways identified
in KEGG, also see Supplementary Material 2.

Nimple steatois
(nithout inflammation snd fbrosis)

steatobepatitis (NASH)
mathon and fibrosis)

(Hepatoceliular carcinoma (HCC))

o

i
> 0 —{T]

I + lmprovensent of NAFLD

> (i) 5 { hpolysis — — — . velopment of NAFLD
Q‘“”‘ O===c1
DNA

(XBP1 mRNA Splicing

Mitochondria

Fig. 3. The general map of involved genes in non-alcoholic fatty liver disease created by KEGG mapper tool.
The figure illustrates the results of a pathway enrichment analysis using Enrichr-KG, highlighting significant
biological pathways associated with the input gene list.
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Fig. 4. A network of genes and biological processes related to MAFLD, as classified by GO biological
processes.

Rats’ body weight
The results of the two-way repeated measures ANOVA, as illustrated in Fig. 6A, indicate that all HFD groups
experienced a time-dependent increase in body weight throughout the duration of the trial (p<0.0001).
Compared to the control group, both the HFD-S-BR6 and HFD-STZ groups exhibited significant increases in
body weight beginning in the second and fifth weeks, respectively (1.11-fold, p<0.01 and 1.08-fold, p <0.05).
In contrast, the increase in body weight was less pronounced in the HFD-S-BR14 group relative to the control
group. Notably, the C-BR14 group, which received only bilirubin for 14 weeks, demonstrated a significant weight
loss during the final three weeks (weeks 12-14) compared to the control rats (0.91-fold, p<0.0001). The 14th
week showed a significant decrease in the average weights of the HFD-STZ, HFD-S-BR6, and HFD-S-BR14
groups (0.86-fold, 0.92-fold, and 0.89-fold respectively), compared to the control group (p <0.0001, p <0.001,
and p <0.0001, respectively). These groups had experienced a significant weight loss after the STZ injection.
Figure 6B indicates the variations in weight growth between weeks nine and fourteen. The one-way ANOVA
test revealed that the rats in the STZ-treated groups (HFD-STZ, HFD-S-BR6, and HFD-S-BR14) exhibited a
transient decrease in body weight (—28.29+3.77 g,—13.5+8.33 g,—3+3.63 g, respectively) in comparison
to the rats in the control and C-BR14 groups (p <0.0001). Compared to the HFD-S-BR6 and HFD-S-BR14
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Fig. 5. Other pathways and related disorders identified in KEGG.

groups, the weight loss in the HFD-STZ group was more pronounced (p<0.05 and p <0.0001, respectively),
suggesting that the body mass in the bilirubin-treated groups was less decreased. Ultimately, there was no
discernible difference between the HFD-S-BR14 and HFD-S-BR6 groups, despite the latter’s varying bilirubin
administration length.

Liver weight and liver index measurements
The HFD-STZ group’s liver weight was 1.21 times greater than that of the control group (p <0.01), but there was
no discernible change in the liver weights of the other groups from the control group. Although the liver weights
of the HFD-S-BR6 and HFD-S-BR14 groups were lower than those of the HFD-STZ group, the difference was
not statistically significant (Fig. 6C).

The liver index was calculated by dividing each rat’s liver weight by its total body weight and multiplying
the result by 100 (Fig. 6D). Compared to the control group, the liver indices of the HFD-STZ, HFD-S-BR6,
and HFD-S-BR14 rats were significantly elevated, with values of 1.4, 1.18, and 1.24-fold increases, respectively
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Fig. 6. The assessment of body and liver weight among the studied rats. (A) Body weight (g) during 14 weeks
of treatment; (B) Mean weight gain (g); (C) Liver weight (g); and (D) Liver index (%). All data have been
reported as mean =+ SD (n=6-8). * shows a significant difference between the control group and the other rats,
while # indicates a significant difference between the HFD-STZ group and the other rats. Both * or # represent
p <0.05, ** or ## represent p < 0.01, *** or ### represent p <0.001, and **** or #### represent p <0.0001.
Control group: Rats receiving a normal diet and treated with oleoylethanolamide for 14 weeks as the vehicle;
HFD-STZ: Rats receiving high-fat diet (HFD), streptozotocin (STZ), and oleoylethanolamide for 14 weeks;
HFD-S-BR6: HFD-STZ rats receiving oleoylethanolamide alone for the first 8 weeks and then along with it
received bilirubin for the next 6 weeks; HFD-S-BR14: HFD-STZ rats treated with bilirubin for 14 weeks; and
C-BR14: Healthy rats treated with only bilirubin for 14 weeks.

(p<0.0001, p<0.01, and p <0.001). Furthermore, the liver indices of the HFD-S-BR6 and HFD-S-BR14 groups
were significantly lower than that of the HFD-STZ group, exhibiting reductions of 0.84-fold (p <0.001) and
0.89-fold (p < 0.05), respectively.

Effects of bilirubin administration on fasting blood glucose and lipid profile

Serum FBG levels were significantly elevated in the HFD-STZ group compared to the control group, showing a
2.62-fold increase (p <0.0001), as depicted in Fig. 7A. In contrast, bilirubin administration significantly reduced
serum FBG levels in the HFD-S-BR6 (0.72-fold) and HFD-S-BR14 (0.63-fold) groups when compared to the
HFD-STZ group (p <0.0001).

Also, it is demonstrated that serum levels of TC (1.9-fold), TG (1.94-fold), and LDL-C (3.06-fold) were
increased in the HFD-STZ group compared to the control group (p <0.0001) (Fig. 7B-D), while the serum levels
of HDL-C were decreased (0.78-fold, p<0.001) (Fig. 7E). Ideally, bilirubin treatment resulted in a significant
drop in the serum levels of the aforementioned indices. For example, in the HFD-S-BR6 and HFD-S-BR14
groups, TC (0.74-fold and 0.56-fold), TG (0.79-fold and 0.66-fold), and LDL-C (0.68-fold and 0.55-fold) were
all higher than in the HFD-STZ group (p <0.0001). As previously shown, the HDL serum level in the HFD-
STZ group was not significantly greater than that of the rats receiving bilirubin, despite the fact that it was
significantly lower in the HFD-STZ group compared to the control group. Furthermore, our evaluations did not
find any statistically significant changes between the C-BR14 group and the control group (Table 3).

Scientific Reports |

(2024) 14:29244

| https://doi.org/10.1038/s41598-024-80119-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

3004 1504 1504
hokk ok iy
_ ” . t hooet
Z 200 whEE i = 1004 = 1004
S sofeofe % . e il g i
E i g *i g
c s - vl ?f‘v‘.‘v"v' \-’
2 100 8 50 o 23 2 s
u—. : . i 0- r . i 0- T r
o > > ° > > N 4 © >
R e § & S & & F &S
& & FF S & & & S8 ¢ & F ¢
& & & & & & &
1001 60
sKokokok s '
80 . e * o
= oo — Kok 3
g o 3 L gim G
E - cane £ 1
a ] -
= " ER. z
0- : - 0- ' .
y o 0y > 42 ] > >
&8 & & g & & & 4‘5}\ &
& QQ' Q‘q %S’ (s’ o QS‘Q Q:’ - (4
S &

Fig. 7. Serum glucose and lipid profile among different groups of rats. (A) FBG; (B) TG; (C) TC; (D) LDL-C;
and (E) HDL-C. All data have been reported as mean +SD (n=6-8). * shows a significant difference between
the control group and the other rats, while # indicates a significant difference between the HFD-STZ group and
the other rats. Both * or # represent p <0.05, ** or ## represent p < 0.01, *** or ### represent p <0.001, and ****
or #### represent p <0.0001. Control group: Rats receiving a normal diet and treated with oleoylethanolamide
for 14 weeks as the vehicle; HFD-STZ: Rats receiving high-fat diet (HFD), streptozotocin (STZ), and
oleoylethanolamide for 14 weeks; HFD-S-BR6: HFD-STZ rats receiving oleoylethanolamide alone for the first
8 weeks and then along with it received bilirubin for the next 6 weeks; HFD-S-BR14: HFD-STZ rats treated
with bilirubin for 14 weeks; and C-BR14: Healthy rats treated with only bilirubin for 14 weeks.

Bilirubin administration also has beneficial effects on liver biochemical indices and kidney
function

In all groups, variations in the serum levels of liver indices, such as ALT, AST, and ALP, were assessed (Table 3)
and (Fig. 8A-C). The HFD-STZ group had higher serum levels of ALT (2.23-fold), AST (2.39-fold), and ALP
(1.77-fold) compared to the control group (p < 0.0001). On the other front, the injection of bilirubin significantly
reduced the serum levels of these three parameters in the HFD-S-BR6 (0.63-fold, 0.67-fold, and 0.65-fold,
respectively) and HFD-S-BR14 (0.57-fold, 0.57-fold, and 0.68-fold, respectively) groups compared to the HFD-
STZ group (p<0.0001). Furthermore, in those groups receiving bilirubin, total, direct, and indirect bilirubin
levels showed a substantial rise (p <0.0001) (Fig. 8D).

Regarding renal function, BUN levels in the serum were significantly higher in HFD-STZ rats than in the
control group (1.63-fold, p <0.0001). Additionally, compared to the HFD-STZ group, the BUN levels in the rats
treated with bilirubin (HFD-S-BR6 and HFD-S-BR14 groups) significantly decreased (0.82-fold, p<0.0001 and
0.72-fold, p <0.0001, respectively). These outcomes matched the serum creatinine measurements, with the HFD-
STZ group exhibiting a statistically significant increase (1.29-fold, p <0.0001) above the control group (Table 3.
Furthermore, the HFD-S-BR6 and HFD-S-BR14 groups’ serum creatinine levels significantly decreased (0.9-
fold, p<0.001, and 0.83-fold, p < 0.0001, respectively) in comparison to the HFD-STZ group (Fig. 8E, F).

Bilirubin administration induces the expression of SIRT, PPAR-a, and PGC-1a

The mRNA expression status of SIRT1, PPAR-a, and PGC-1a genes were analyzed, and the results showed
that the HFD-STZ group had significantly lower levels of PPAR-a (0.2-fold, p <0.001) and PGC-1a (0.43-fold,
p<0.01) mRNA than the control group. Conversely, in comparison to the HFD-STZ group, the HFD-S-BR6
and HFD-S-BR14 groups showed a significant increase in the levels of gene expression for PPAR-a (5.7-fold and
5.9-fold, p <0.0001) and PGC-1a (2.14-fold and 2.05-fold, p <0.05) (Figs. 9A, B).

Furthermore, we discovered that the HFD-STZ (0.29-fold, p <0.0001), HFD-S-BR6 (0.66-fold, p <0.05),
and HFD-S-BR14 (0.65-fold, p <0.05) groups had significantly lower SIRT1 mRNA expression levels than the
control group. In contrast to the HFD-STZ group, SIRT1 was considerably higher in the HFD-S-BR6 (2.28-fold,
p <0.05) and HFD-S-BR14 (2.24-fold, p <0.05) groups (Fig. 9C).
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Control HFD-STZ HFD-S-BR6 HFD-S-BR14 C-BR14
FBG (mg/d) | 91.25+5.34 | 239.149.1%* | 172.44+9.045757% , | 149.7 £ 8.3657 %% 86.13 + 8.59
TG (mg/dl) | 49.75+£5.36 | 96.43 £7.66"*** | 76.38£5.955%, | 63.67£6.2237,, 46.75 £ 5.31
TC (mg/dl) 65.63 + 4.6 125 £ 6.14**** | 92.25 £ 9.88% 0% 4 |  69.67 7. 24pp4 58 4 3.66
HDL (mg/dl) | 44.38 +3.66 | 34.71 +4.15"** 37.88 +4.47" 40.33 + 2.8 44.13 £ 3.68
LDL(mg/d) | 23.14+4.42| 70.71 4 4.42"* | 48.13 £ 7.3455% , | 38.67 £5.80570% 4 19.38 £ 1.41
BUN (mg/dl) | 20.7+£2.01 | 33.83£1.96"*** | 27.66 £ 1.55,%%, | 24.35 £1.68% 444 17.88 £2.43
Cr (mg/d)) 0.63+£0.02 | 0.8140.056*** | 0.73+£0.038%7:% | 0.67 £ 0.029%44% 0.6 & 0.014
ALT (IU/L) 31+3.59 69 +£4.97** | 43.25£6.41575 ., |  39.5£3.02% 33.63 &+ 5.32
AST(IU/L) | 44.7544.89 | 107.1 £ 10.02**** | 7T1.75 £ 13.1635 %, | 61.33 £5.99% 40s 47.13 £ 7.62
ALP(IU/L) | 476.6 £61.8 | 842.7+95.4"*** | 544.6 £ 90.8yppus | 5727 £ 5lypus 502.8 % 50.6
TBIL (mg/d) | 0.09 & 0.01 0.08 4 0.008 | 0.15 =+ 0.01637% 4 | 0.16 £0.009% 5% | 0.176 £ 0.01****
DBIL (mg/d}) | 0.036 =+ 0.007 0.033 4 0.005 | 0.066 & 0.012%4% 4 | 0.073 & 0.005% %% 4 | 0.074 & 0.007****
IBIL (mg/dl) | 0.054 =& 0.005 0.047 4 0.005 | 0.084 & 0.007% 5% 4 | 0.087 £0.0055 5% 4 | 0.1 4 0.014****

Table 3. Lipid profile and biochemical indices among different groups of rats. All data have been reported
as mean + SD (n=6-8). * shows a significant difference between the control group and the other rats, while
# indicates a significant difference between the HFD-STZ group and the other rats. Both * or # represent

P <0.05, ** or ## represent p <0.01, *** or ### represent p <0.001, and **** or #### represent p <0.0001.
Control group: Rats receiving a normal diet and treated with oleoylethanolamide for 14 weeks as the vehicle;
HFD-STZ: Rats receiving high-fat diet (HFD), streptozotocin (STZ), and oleoylethanolamide for 14 weeks;
HFD-S-BR6: HFD-STZ rats receiving oleoylethanolamide alone for the first 8 weeks and then along with it
received bilirubin for the next 6 weeks; HFD-S-BR14: HFD-STZ rats treated with bilirubin for 14 weeks; and
C-BR14: Healthy rats treated with only bilirubin for 14 weeks.

Bilirubin administration attenuates the expression of NF-kB, TNF-q, IL-6, and IL-1f

The mRNA expression levels of inflammatory NF-kB, TNF-q, I1-6, and Il-1p genes were found to be 3.56-fold,
2.25-fold, 3.22-fold, and 1.79-fold higher in the HFD-STZ group compared to the control group (p <0.0001,
p<0.01, p<0.0001, and p <0.05, respectively), as illustrated in Fig. 10A-D. In the HFD-STZ-receiving animals,
bilirubin treatment changed the expression of genes involved in inflammation. Thus, in comparison to the HFD-
STZ group, the NF-kB (0.59-fold, p < 0.01) and I1-6 (0.64-fold, p <0.05) mRNA levels in the HFH-S-BR6 group
were significantly lower. Furthermore, compared to the HFD-STZ group, the mRNA expression levels of NF-kB
(0.6-fold, p<0.01), TNF-a (0.59-fold, p <0.05), and I1-6 (0.58-fold, p<0.01) were considerably lower in the
HFD-S-BR14 group.

Stereological findings: bilirubin treatment affects hepatocytes and the structure of liver
tissue

When compared to the control group, the HFD-STZ group’s total liver volume rose by 24% (p < 0.001) (Fig. 11A).
Additionally, the volume of hepatocytes and sinusoids showed increases of 35.7 and 53.6 percent, respectively,
above the control group (p <0.001) (Figs. 11B, C). Interestingly, compared to HFD-STZ rats, bilirubin injection
decreased the increased total volume of the liver, hepatocytes, and sinusoids in HFD-S-BR6 and HFD-S-BR14
rats, albeit not significantly.

Conversely, Fig. 11D shows that there was a 28.2% increase in hepatocyte nuclei in the HFD-STZ group as
compared to the control group (p <0.01). Additionally, 97.9% more Kupffer cells were seen in HFD-STZ mice
than in the control group (p<0.0001) (Fig. 11E). However, following bilirubin therapy for 6 and 14 weeks,
respectively, the observed rise was considerably reduced to 36.1% and 37.5% in the HFD-S-BR6 and HFD-
S-BR14 groups (p <0.0001). Unexpectedly, the number of Kupffer cells increased by 23.3% (p<0.05) in the
C-BR14 group, which only received bilirubin for 14 weeks.

Histopathological findings

As provided in Table 4 and Fig. 12, microscopic examinations of the liver sections from the HFD-STZ rats
showed severe hepatocellular ballooning and feathery degeneration with microvesicular steatosis, plus severe
sinusoidal collapse, as well as a higher number of Kupffer cells compared to the control group, which had liver
sections with normal hepatocellular and sinusoidal morphology and no evidence of inflammation. Notably,
following the bilirubin treatment, both HFD-S-BR6 and HFD-S-BR14 groups demonstrated a mild-to-moderate
hepatocellular ballooning and feathery degeneration, as well as sinusoidal collapse. The hepatocellular and
sinusoidal morphology of the C-BR14 group was very similar to the control group. However, a mild increase in
the number of Kupffer cells was also observed. All these findings were ultimately confirmed by the H&E staining.
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Fig. 8. Serum levels of liver and kidney function indices among different groups of rats. (A) ALT; (B) AST;

(C) ALP; (D) TBIL, DBIL, and IBIL; (E) BUN; and (F) Cr. All data have been reported as mean + SD (n=6-8).
* shows a significant difference between the control group and the other rats, while # indicates a significant
difference between the HFD-STZ group and the other rats. Both * or # represent p <0.05, ** or ## represent

p <0.01, *** or ### represent p <0.001, and **** or #### represent p <0.0001. Control group: Rats receiving a
normal diet and treated with oleoylethanolamide for 14 weeks as the vehicle; HFD-STZ: Rats receiving high-fat
diet (HFD), streptozotocin (STZ), and oleoylethanolamide for 14 weeks; HFD-S-BR6: HFD-STZ rats receiving
oleoylethanolamide alone for the first 8 weeks and then along with it received bilirubin for the next 6 weeks;
HFD-S-BR14: HFD-STZ rats treated with bilirubin for 14 weeks; and C-BR14: Healthy rats treated with only
bilirubin for 14 weeks.

Discussion

The results of the enrichment analysis highlight critical biological processes and pathways that may play
significant roles in the pathophysiology of MAFLD. The identification of key processes such as lipid storage
regulation and transcriptional control suggests potential therapeutic targets for intervention. The extremely low
p-values across various pathways indicate a robust association between the input genes and MAFLD-related
processes, emphasizing the importance of lipid metabolism in this condition. The high z-scores further reinforce
the strength of these associations, suggesting that these pathways are not only statistically significant but also
biologically relevant. Moreover, the findings related to insulin resistance and adipocytokine signaling pathways
align with existing literature that implicates metabolic dysregulation in MAFLD progression. The connections
made through DisGeNET also suggest that MAFLD may share common pathological features with other
metabolic disorders, such as diabetes mellitus and alcoholic liver diseases. The current research focused on
validating these findings through experimental studies and assessing some of the valuable genes and pathways
related to MAFLD.

Hence, our study investigated the impact of bilirubin treatment on the expression of PPAR-a, alongside PGC-
la, SIRT1, and inflammatory cytokines, with a focus on the pathogenesis of MAFLD in rats receiving HFD-STZ.
This study has demonstrated that the up-regulation of PPAR-a, PGC-1a, and SIRT1, in conjunction with the
down-regulation of NF-kB and pro-inflammatory factors (TNF-a, IL-6, and IL-1f), resulted by bilirubin may
have ameliorative effects on MAFLD progression in the HFD-STZ rats. Parenthetically, we used HFD-induced
low STZ treated rat model of MAFLD to first examine the effects of unconjugated bilirubin on rats’ serum
lipid profile, as their HF regimen contained cholesterol along with triglycerides, and second evaluated possible
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Fig. 9. The relative mRNA expression levels of PPAR-a, SIRT1, and PGC-1a genes in the liver tissue of studied
rats. (A) PPAR-q, (B) SIRT1, and (C) PGC-1a. All data have been reported as mean+ SD (n=6). * shows a
significant difference between the control group and the other rats, while # indicates a significant difference
between the HFD-STZ group and the other rats. Both * or # represent p <0.05, ** or ## represent p <0.01,

*** or ### represent p < 0.001, and **** or #### represent p <0.0001. Control group: Rats receiving a normal
diet and treated with oleoylethanolamide for 14 weeks as the vehicle; HFD-STZ: Rats receiving high-fat diet
(HFD), streptozotocin (STZ), and oleoylethanolamide for 14 weeks; HFD-S-BR6: HFD-STZ rats receiving
oleoylethanolamide alone for the first 8 weeks and then along with it received bilirubin for the next 6 weeks;
HFD-S-BR14: HFD-STZ rats treated with bilirubin for 14 weeks; and C-BR14: Healthy rats treated with only
bilirubin for 14 weeks.

ameliorative effects of bilirubin on FBG levels. Furthermore, previous investigations have demonstrated that
NAFLD and T2DM have reciprocal interactions and can provide a valid MAFLD model for multiple analyses
when employed simultaneously’*.

In this era, growing evidence has suggested that PPAR-a activation provides several metabolic benefits for
controlling lipid homeostasis. Interestingly, PPAR-a can increase liver fat metabolism and remove fatty acids as
the substrates for lipid peroxidation. This effect is highly important enough in the prevention of MAFLD**>!,
Consistently, it has been reported that the activation of PPAR-a with different PPAR-a agonists could improve
steatosis and inflammation®. As an example, it has been shown that mice with PPAR-a KO developed hepatic
steatosis and hypertriglyceridemia, and were unable to induce ketogenesis in response to conditions in which
fatty acids were used as the main source of energy, like diabetes and the fasting state>>>*.

Furthermore, the effects of SIRT1 on fatty acid metabolism should also be borne in mind. In this regard, a
study illustrated that hepatocyte-specific deletion of SIRT1 in mice not only resulted in a higher level of cholesterol
when fed HFD, but also resulted in increased cholesterol when fed HFD without cholesterol. These observations
highlight the role of SIRT1 in the regulation of de novo synthesis of liver cholesterol®. Recent evidence indicates
that SIRT1 can also regulate PPAR-a activity by deacetylation, and its loss of function results in decreased
expression of PPAR-a target genes involved in fatty acid oxidation®®’. On the other hand, PPAR-a could attach
to the upstream of SIRT1 promoter by PPREs and induce its gene expression as a transcription factor. Therefore,
there exists a positive feedback between PPAR-a and SIRT1°>%8, A study demonstrated that the deletion of SIRT1
in hepatocytes leads to increase in PGC-1a acetylation levels disrupted PPAR-a signaling followed by a decrease
in fatty acid B-oxidation, hepatic steatosis, liver inflammation, and ER stress®>°. So, the activation of SIRT1 in
association with PGC-1a and PPAR-a controls the expression of target genes involved in lipid metabolism® and

it has also been shown that using PPAR-a activators could also increase SIRT1 expression®.
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Fig. 10. The relative mRNA expression levels of inflammation-related genes in the liver tissue of studied rats.
(A) NF-xB, (B) TNF-a, (C) IL-6, and (D) IL-1p. All data have been reported as mean+SD (n=6). * shows a
significant difference between the control group and the other rats, while # indicates a significant difference
between the HFD-STZ group and the other rats. Both * or # represent p <0.05, ** or ## represent p <0.01,
*** or ### represent p < 0.001, and **** or #### represent p <0.0001. Control group: Rats receiving a normal
diet and treated with oleoylethanolamide for 14 weeks as the vehicle; HFD-STZ: Rats receiving high-fat diet
(HFD), streptozotocin (STZ), and oleoylethanolamide for 14 weeks; HFD-S-BR6: HFD-STZ rats receiving
oleoylethanolamide alone for the first 8 weeks and then along with it received bilirubin for the next 6 weeks;
HFD-S-BR14: HFD-STZ rats treated with bilirubin for 14 weeks; and C-BR14: Healthy rats treated with only
bilirubin for 14 weeks.

A better understanding of whether the prevention of MAFLD by PPAR-a ligands or SIRT1 activators may
help reduce intrahepatic fat or not could be highly valuable in designing potential therapeutic tools. In this
regard, it was previously reported that bilirubin had beneficial effects in dealing with inflammatory diseases
such as NAFLD, as well as MAFLD due to its antioxidant effects?>?360:61, Here, our study also showed that the
HFD-STZ rats treated with bilirubin had significantly higher expression levels of PPAR-a, SIRT1, and PGC-1a
compared to the rats that only received HFD-STZ. Indeed, it seems that bilirubin can stimulate PPAR-a, SIRT1,
and PGC-1a expression, and it can be deduced that there is a positive feedback between these three factors®>,
According to some theories, bilirubin itself may have a new role as PPAR-a’s ligand. Bilirubin can bind to
PPAR-a directly and boost its transcriptional activity, which in turn causes the target genes for lipid oxidation to
be up-regulated. It could account for the shielding effects of a mild elevation in plasma bilirubin levels against the
development of hepatic steatosis and other cardiometabolic disorders seen in Gilberts syndrome patients®%-31:0,

In the current assessment, we found that bilirubin treatment dramatically lowered liver indices, such as
ALT, AST, and ALP, as well as FBG, TG, TC, and LDL-C levels in the HFD-STZ group. These outcomes were
consistent with other studies that demonstrated that bilirubin’s antioxidant qualities led to a significant reduction
in the levels of FBG, ALT, and AST in PPAR-a KO HFD-mice after a seven-day treatment®®. Also, another
possible explanation might be attributed to the activation of PPAR-a due to the direct binding of bilirubin and
the induction of fibroblast growth factor 21 (FGF21), which is known to decrease blood levels of glucose and
lipids®. The bilirubin-mediated up-regulation and activation of PPAR-a can also reduce the triglycerides content
by stimulating the breakdown of hepatic fatty acids, and this causes the liver to be depleted of lipid sources®*%2.

As the other outcome of our study, NF-kB, TNF-a, IL-6, and IL-1B were found to be down-modulated in
HFD-STZ rats treated with bilirubin compared to those that only received HFD-STZ, and this was in parallel
to a lower number of Kupffer cells, which was apparent after bilirubin administration, confirming the possible
anti-inflammatory effects of bilirubin. Remarkably, recent studies have shown that the inflammatory response
and energy metabolism are related to each other through a close interaction between NF-kB and SIRT1
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Fig. 11. The quantitative stereological parameters of the liver. (A) total volume of the liver (cm?); (B) total
volume of hepatocytes (cm?); (C) total volume of sinusoids (cm?); (D) total number of hepatocytes’ nucleis
and (E) total number of Kupffer cells. All data have been reported as mean +SD (n=6). * shows a significant
difference between the control group and the HFD-STZ with the other rats. * represent p <0.05, ** represent
p<0.01, *** represent p <0.001, and **** represent p < 0.0001. Control group: Rats receiving a normal diet
and treated with oleoylethanolamide for 14 weeks as the vehicle; HFD-STZ: Rats receiving high-fat diet
(HFD), streptozotocin (STZ), and oleoylethanolamide for 14 weeks; HFD-S-BR6: HFD-STZ rats receiving
oleoylethanolamide alone for the first 8 weeks and then along with it received bilirubin for the next 6 weeks;
HFD-S-BR14: HFD-STZ rats treated with bilirubin for 14 weeks; and C-BR14: Healthy rats treated with only
bilirubin for 14 weeks.
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Histological parameter Control | HFD-STZ | HFD-S-BR6 | HFD-S-BR14 | C-BR14
Steatosis grade 0 1 1 0 0
3:>66%
2: 34-66%
1:5-33%
0:<5%

Steatosis location 3 1 1 3 3
1: Zone 1
2: Zone 3

3: Azonal

4: Panacinar

Microvesicular fatty change 0 1 1 0 0
0: Absent

1: Present
Fibrosis 0 0 0 0 0
0: None

1A: Mild, zone 3, perisinusoidal

1B: Moderate, zone 3, perisinusoidal

1C: Portal/periportal

2: Perisinusoidal and portal/periportal

3: Bridging fibrosis

4: Cirrhosis

Lobular inflammation 0 1 0 0 0

0: 0/200%

1: 1/200x

2:2-4/200x

3:5/200%

Microgranuloma 0 0 0 0 0
0: Absent

1: Present

Lipogranuloma 0 0 0 0 0
0: Absent

1: Present

Portal inflammation 0 1 0 1 0

0: None to minimal

1: Greater than minimal

Ballooning change 0 2 2 2 1
0: None

1: Few

2: Many

Acidophilic body 0 0 0 0 0

0: None to rare

1: Many

Mallory body 0 0 0 0 0

0: None to rare

1: Many

Glycogenated nuclei 0 0 0 0 0

0: None to rare

1: Many

Table 4. Histopathological scoring of the liver biopsy in different groups of rats (NAFLD activity score (NAS)
system).

transductions!®. NF-kB signaling is a key regulator of inflammation, whereas SIRT1 is an important regulator
of energy metabolism and cell survival'®. Nevertheless, NF-«B signaling can change its function to also control
the energy homeostasis during inflammation, while growing evidence has confirmed that SIRT1 can inhibit NF-
kB by deacetylating its p65 subunit®. In addition, SIRT1 can increase histones deacetylation in the promotors
of TNF-a, IL-6, and IL-1f and suppressing their expression®®. SIRT1 has also been shown to stimulate energy
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Fig. 12. Microscopic histopathological assessments of the liver in different groups. (A) (X100, H&E staining)
and (B) (X400, H&E staining): Histopathological sections of the control group show normal hepatocellular and
sinusoidal architecture and morphology without any inflammation. (C) (X100, H&E staining) and (D) (X400,
H&E staining): Histopathological sections of the HFD-STZ group show moderate hepatocellular ballooning,
feathery degeneration with microvesicular steatosis (Arrows), and severe sinusoidal collapse. (E) (X100, H&E
staining) and (F) (X400, H&E staining): Histopathological sections of the HFD-S-BR6 group show moderate
hepatocellular ballooning, feathery degeneration, and mild sinusoidal collapse. (G) (X100, H&E staining) and
(H) (X400, H&E staining): Histopathological sections of the HFD-S-BR14 group show mild hepatocellular
ballooning, feathery degeneration, and mild sinusoidal collapse. (I) (X100, H&E staining) and (J) (X400, H&E
staining): Histopathological sections of the C-BR14 group show near normal hepatocellular and sinusoidal
architecture and morphology. Arrows show Kupffer cells in sinusoids which show mild increase in their
quantity.
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production through the activation of PPAR-a and PGC-1a, and these factors can also inhibit the NF-kB and
suppress the inflammatory response®®. In parenthesis, the promoter of SIRT1 contains binding sites for the p65
subunit of NF-«B as a transcription factor, and thus the expression of SIRT1 could be enhanced by NF-kB®>°,

Considering the above-stated information, PPAR-a reduces inflammation by forming inhibitory complexes
with NF-kB; in detail, PPAR-a can block the nuclear translocation of the NF-kB%. Furthermore, lipid mediators,
such as omega-3 fatty acids, which are in close association with PPAR-a, also play a key role in suppressing
inflammation through the inhibition of NF-kB®. The formation of PPAR-a and p65 complex could be
stimulated by SIRT1, and consequently, the following inflammatory response and undesired metabolic effects
are inhibited as well®®. Last but not least, the overexpressed NF-kB and subsequent inflammatory responses
disrupt SIRT1 and PPAR-a-mediated metabolism and cause metabolic defects®. In this regard, some studies
highlighted that inflammatory cytokines reduce PPAR-a mRNA expression at the level of gene transcription
in fatty liver disease®?. Another point worth mentioning is the higher gene expression of NF-kB observed in
C-BR14 rats, as healthy rats treated with only bilirubin compared to the control group. Our logical reasoning
here is the toxic effects of high doses of bilirubin in healthy rats, which was also reported in our previous study?.
NEF-kB mediates the cascade bringing about the activation of Kupffer cells by regulating the transcription of
downstream cytokines®. Therefore, an increase in the expression levels of NF-xB in the C-BR14 group also
elevated the number of Kupffer cells.

To confirm the previously mentioned findings, stereological indices, such as the liver’s total volume,
hepatocytes, and sinusoids as well as histopathological alterations of the rats’ liver were also assessed,
experimentally. We recognized that HFD-STZ rats receiving bilirubin had lower total volumes of the liver and
sinusoids compared to those only received HFD-STZ. To be noted, sinusoids are responsible for controlling
the blood flow to hepatocytes, particularly during liver regeneration®®’?. However, during HFD treatment, an
increase was observed in the volume of sinusoids, which could be explained as the consequence of dilatation,
followed by hypoxia and ischemia’"72. Inflammation was the other outcome of prolonged HFD treatment, which
exacerbated liver failure and hepatocellular degeneration, leading to an increase in the liver’s total volume”>”4.
Noteworthy, all these observations were desirably improved after bilirubin administration. We also reported
an increase in the number of Kupffer cells as a marker indicating the presence of inflammation in the HFD-
STZ rats compared to the control group. Kupffer cell activation generates several inflammatory cytokines, such
as TNF-a, IL-6, and IL-1{, which ultimately results in the development of hepatic steatosis and chronic liver
inflammation”*7. Based on previous studies, we expected a decrease to occur in the total number of hepatocytes
in the HFD rats in contrast to the control group, which might be explained by attributing to this fact that the
number of binucleated hepatocytes is significantly increased in MAFLD concurrent with the disease progression
as aresult of a compensatory response to the decreased number of hepatocytes due to necrotic alterations’!. Here
we estimated the total number of hepatocytes’ nuclei regardless of whether they are uninucleate or binucleated,
and this might account for the observed increase in the number of hepatocytes in HFD rats. As ultimately
expected, there was severe hepatocellular steatosis in rats receiving the HFD-STZ regimen in line with previous
analyses, which was due to the increased hepatic fat accumulation and the development of MAFLD in rats’!72.
It is interesting to note that our research revealed that bilirubin therapy significantly reduced inflammation,
steatosis, and hepatocellular ballooning in addition to improving the overall morphology of the livers of HFD-
STZ rats. These results were in line with a study by Hinds et al. that found that in HFD-induced hepatic steatosis,
slightly raised plasma bilirubin reduces inflammation and hepatic lipid buildup’”’8. What could be deduced
here is the protective role of bilirubin in preventing intrahepatic lipid accumulation, hepatocyte damages,
inflammation, and the progression of hepatic injury from MAFLD to MASH, and these were also in parallel
with the findings of gene expression.

Hence, it seems plausible that bilirubin has the ability to stimulate PPAR-a and/or SIRT1 and create a positive
feedback loop between them, where their pharmacological activation might be central to MAFLD prevention.
In summary, therapeutic strategies that can simultaneously modulate SIRT1, PPAR-a, and NF-kB are of high
importance for the treatment of inflammatory hepatic diseases, especially MAFLD. Thus, it seems that bilirubin
administration regulates these key factors and alters the expression of their downstream targets in a protective
and anti-inflammatory manner.

Together, we acknowledge the necessity for further studies in understanding the exact mechanistic links
between bilirubin and key pathways within our studied model. It is worth noting that we streamlined our
discussion and introduced additional approaches to comprehensively address our findings and suggest potential
areas for future research. However, it is crucial to emphasize the need for future research to fully elucidate these
suggested relationships.

Conclusion

From the current investigation, it can be concluded that bilirubin has potential protective and ameliorative
effects against MAFLD, particularly by affecting signaling molecules at the gene expression levels, improving
biochemical parameters and liver indices, as well as controlling inflammation. Moreover, it became obvious
that bilirubin administration could ameliorate structural changes in the rats’ livers receiving HFD. Together,
our study unveiled the potent role of bilirubin as a promising therapeutic agent against MAFLD. However,
it acknowledges some limitations as follows. While we achieved valuable and significant results regarding
the expression of SIRT1, PGC-1a, PPAR-a, and NF-«xB genes following bilirubin treatment in our MAFLD
model, assessing the protein expression levels encoded by these genes could undoubtedly have provided more
comprehensive information at the translational level, which unfortunately was not possible due to limitations in
our study. Additionally, assessing post-translational modifications (PTMs) could have provided insights beyond
translation. This information could have been used to make more accurate predictions about the mechanistic
links between bilirubin and the pathogenesis of this MAFLD model. However, due to technical limitations and
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resource constraints, we were unable to perform these analyses, as well. To compensate for the lack of protein
expression and PTM data, we made extensive efforts to validate our findings using histological and pathological
examinations. These analyses provided valuable information about the structural and morphological changes
induced by bilirubin treatment in the liver tissue. In future studies, we plan to expand our investigations by
measuring the expression of a network of genes downstream of the corresponding genes. This will provide a
broader perspective on the molecular mechanisms underlying the protective effects of bilirubin in MAFLD. We
acknowledge the limitations of our study in not assessing protein expression and PTMs but we believe that our
findings, combined with the planned future studies, will contribute to a more comprehensive understanding of
the role of bilirubin in MAFLD pathogenesis.

Data availability
All datasets analyzed during the current study are available from the corresponding author on reasonable re-
quests.
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