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ABSTRACT

Background: Excessive dietary fat and fructose intake stimulate hepatic fatty acid production by enhancing the
expression of lipogenesis-related genes, including sterol regulatory binding protein-1c (SREBP-1c), carbohydrate-
responsive element-binding protein (ChREBP), acetyl-CoA carboxylase 1 (ACC1), fatty acid synthase (FAS), and
diacylglycerol acyltransferase 2 (DGAT2). Polyunsaturated fatty acids (PUFAs) can suppress these genes, thereby
attenuating hepatic triglyceride synthesis. Plukenetia volubilis L., commonly known as sacha inchi, is a notable source

of PUFAs, and may therefore help prevent hepatic triglyceride accumulation.

Objective: This study aimed to investigate the influence of sacha inchi oil on the expression of genes involved in

hepatic triglyceride synthesis.

Methods: Twenty-five 12-week-old male Wistar rats were distributed into five groups: (1) normal (N); (2) high-fat
diet and fructose-containing drinking water (HFHF); and (3-5) HFHF supplemented with sacha inchi oil at doses of
0.13 g/day (S1), 0.26 g/day (S2), and 0.39 g/day (S3). Sacha inchi oil was administered orally for eight weeks. At the

end of the study, hepatic triglyceride and DGAT2 levels were measured using enzymatic colorimetric and ELISA

methods, respectively, while gene expression was analyzed using qPCR.
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Results: The HFHF group showed significantly higher hepatic triglyceride and DGAT2 levels, as well as ChREBP, ACC1,
and FAS gene expression, compared with the normal and sacha inchi oil-supplemented groups (P < 0.05). Sacha inchi
oil supplementation reduced the hepatic triglyceride and DGAT2 levels and suppressed the ChREBP, ACC1, and FAS

gene expression, without affecting SREBP-1c and DGAT2 gene expression (P > 0.05).

Novelty: This study provides additional insight into the effects of sacha inchi oil, a PUFAs-rich-oil, on the hepatic lipid
metabolism. The present results suggest that this oil may help reduce the expression of key genes involved in
triglyceride synthesis, including ChREBP, FAS, and ACC1, under high-fat and high-fructose conditions. These results
complement existing literature and support its potential role as a functional food component for preventing hepatic

triglyceride accumulation.

Conclusion: These findings suggest that sacha inchi oil may prevent hepatic triglyceride accumulation by suppressing

the expression of key genes involved in triglyceride synthesis.

Keywords: high-fat diet, fructose, triglyceride synthesis, sacha inchi oil, PUFA
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Graphical Abstract: Sacha inchi oil suppresses hepatic triglyceride synthesis through inhibition of lipogenic gene

expression in rats with high-fat and high-fructose intake.
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INTRODUCTION [1-2]. Excessive fat intake stimulates lipogenesis by
A high-fat diet, particularly dominated by saturated fats, elevating the expression of sterol regulatory binding
combined with excessive fructose intake, promotes protein 1c (SREBP-1c) gene [3]. In addition, high fructose
intrahepatic triglyceride synthesis and increases consumption enhances de novo lipogenesis (DNL) by

susceptibility to non-alcoholic fatty liver disease (NAFLD) increasing the expression of the SREBP-1c and
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carbohydrate response element binding protein
(ChREBP) genes [4-5].

SREBP-1c and ChREBP are the two majors
transcription factors responsible for the induction of
lipogenic genes [6]. These transcription factors regulate
the gene expression of acetyl-CoA carboxylase-1 (ACC1)
and fatty acid synthase (FAS), which are key enzymes that
play a pivotal role in hepatic fatty acid synthesis [7-8]. An
increase in ACC1 and FAS gene expression has been
reported to enhance hepatic triglyceride synthesis
through lipogenesis and the DNL pathway [8-9]. The
function of ACC1 is to convert acetyl-CoA into malonyl-
CoA, whereas FAS mediates fatty acid elongation through
the use of malonyl-CoA as its primary carbon substrate,
ultimately producing palmitate, the predominant
product of fatty acid synthesis [10]. Palmitate is
subsequently esterified into triglycerides through a series
of enzymatic steps, with diacylglycerol acyltransferase 2
(DGAT2) catalyzing the final step, thereby promoting the
triglycerides storage [11]. According to Giudetti et al.
[12], overexpression of DGAT2 may stimulate hepatic
triglyceride accumulation. However, suppression of the
DGAT2 gene expression has been shown to prevent
hepatic triglyceride accumulation [13].

Recent evidence highlights the importance of
functional food in the dietary management strategies for
preventing and  treating  hepatic  triglyceride
accumulation [14]. Polyunsaturated fatty acids (PUFAs)
are bioactive food compounds commonly present in
functional foods in relatively small amounts yet provide
several health benefits [15-17]. Several studies have
demonstrated that PUFAs supplementation may
suppress triglyceride synthesis by downregulating key
genes involved in this pathway, thereby preventing
hepatic triglyceride accumulation [18]. One source of
PUFAs is Plukenetia volubilis L., commonly known as
sacha inchi or inca peanut. Previous studies have shown

that sacha inchi oil is rich in PUFAs, particularly alpha-
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linolenic acid (51.5%) and linoleic acid (32.5%) [19]. PUFA
intake has been reported to downregulate SREBP-1c and
ChREBP expression [20-21], leading to reduced
expression of downstream lipogenic enzyme genes, such
as ACC1 and FAS [18]. Therefore, we investigated the
effects of sacha inchi oil supplementation on hepatic
triglyceride synthesis in rats consuming a high-fat diet

and drinking fructose-containing water.

MATERIALS AND METHODS

Oil Preparation: The sacha inchi used in this study was
obtained from Wonosobo, Central Java, Indonesia. The
oil extraction was carried out according to the protocol
reported by Supriyanto et al. [22]. Briefly, the kernels
were manually separated from their shells using a small
hammer and air-dried to reduce the moisture content.
The dried kernels were then cold pressed to yield sacha
inchi oil. The extracted oil was stored in a dark bottle at 4

°C until further use.

The fatty acids of the extracted oil were analyzed
using agas chromatography (GC) method at Balai Besar
Standardisasi dan Pelayanan Jasa Industri Agro, Bogor,
West Java, Indonesia. The analysis showed that sacha
inchi oil contained 76.65% PUFAs, dominated by a-
linolenic acid (48.98%) and linoleic acid (36.90%), along
with 7.45% oleic acid and 5.90% saturated fatty acid.

Animals: Twenty-five male Wistar rats aged 12 weeks
and weighing 240-320 g were included in this study. The
rats were obtained and housed in the animal laboratory
of the Faculty of Medicine, Public Health and Nursing,
Universitas Gadjah Mada, Yogyakarta, Indonesia. The
animals were housed in square cages under controlled
conditions with a constant room temperature of 22-25
°C, relative humidity of 30-70%, and a 12-h light/dark
cycle. Before the study began, the rats were acclimatized
to a standard diet formulated based on the modified AIN
93M [23]. All experimental procedures were reviewed
and approved by the Medical and Health Research Ethics

Committee of the Faculty of Medicine, Public Health, and
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Nursing, Universitas Gadjah Mada, Yogyakarta, Indonesia

(KE/FK/1865/EC/2024).

Experimental Study: After a week of acclimatization, 25
rats were randomly distributed into five experimental

groups (n =5), which included a normal control group (N):

Table 1. Diet composition.

Composition

Cornstarch 621
Casein 140
Butter ®
Sucrose 100
Corn oil 40
Alpha cell 50
Mineral mix 35
Vitamin mix 10
Methionine 1.8
Choline chloride 2.5

Sacha inchi oil was administered orally by gavage
once daily for eight weeks. Feed and fructose intake were
recorded daily. At the end of the study, the rats
underwent an overnight fast (10-12 hours) prior to
anesthesia and were subsequently euthanized in
accordance with the ethical guidelines. Following this,
the livers were excised, weighed, and rinsed with ice-cold
saline. Liver samples were then stored at -80 °C for
triglyceride content and DGAT2 protein level
determination. A portion of liver tissue was immediately
preserved in RNA stabilization solution (ELK
Biotechnology, Denver, USA) and stored at -20 °C for

subsequent RNA extraction.

Histological Examination: Liver tissues were preserved in
formalin, processed for paraffin embedding, sliced into
sections, and stained using hematoxylin and eosin (H&E).
A blinded assessment of hepatic triglyceride
accumulation was performed by an expert pathologist.
Histological grading was performed according to a

previously described protocol, with scores assigned as

Standard diet (g/kg)
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fed a standard diet and water; HFHF: fed a high-fat diet
and fructose-containing drinking water; and HFHF with
sacha inchi oil (S1, S2, and S3) gat doses of 0.13 g/day
(1), 0.26 g/day (S2), and 0.39 g/day (S3), respectively.
The composition standards and the high-fat diet are

shown in Table 1.

High-fat diet (g/kg)
361

140

300

100

50

50

35

10

1.8

2.5

follows: grade 0: normal (<5% lipid accumulation); grade
1: mild (5-33%); grade 2: moderate (34-66%), and grade
3: severe (>66%) [24].

Hepatic Triglyceride Levels Determination: Lipid
extraction from the liver was performed using the Folch
method. Liver tissue was homogenized in a mixture of
chloroform: methanol with a ratio of 2:1 (v/v). Following
homogenization, the sample was centrifuged at 3,000 x g
for 10 minutes. The resulting organic phase, which
contained the extracted lipids, was subsequently
transferred to a new tube. To promote the phase
separation, 0.9% saline was added to the supernatant
and thoroughly mixed. To separate the lipid, the mixture
was centrifuged again at 1,200 x g for 10 minutes. The
upper layer was discarded, and the lipid-containing phase
was retained. The lipid extract was then dried in an oven
at 37 °C overnight, allowing complete evaporation of the
organic solvents. The dried lipid residue was
subsequently dissolved in isopropanol for triglyceride

determination. Liver triglyceride concentration was
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determined using a DiaSys kit (Holzheim, Germany)

following the manufacturer’s protocol.

Hepatic DGAT2 Levels Determination: Hepatic DGAT2
levels were determined using an enzyme-linked
immunosorbent assay (ELISA) method (FineTest, Wuhan,
China), according to the manufacturer’s instructions.
Frozen liver tissue samples were processed for protein
extraction using the ExKine™ Total Protein Extraction Kit
(Abbkine Scientific, Atlanta, Georgia, USA). The protein
concentration in the extract was then quantified using a
bicinchoninic acid (BCA) assay with a Protein
Quantification Kit (BCA Assay) (Abbkine Scientific,

Atlanta, Georgia, USA).

RNA Extraction Protocol: Total RNA was extracted from
approximately 50 mg of liver tissue using PRImeZOL
Reagent (Canvax Reagent, Boecillo, Valladolid, Spain)
according to the manufacturer’s protocol. Tissue samples
were homogenized in 1 mL of PRImeZOL Reagent using a
mechanical homogenizer, followed by phase separation
with  chloroform and RNA precipitation using
isopropanol. The RNA pellet was washed using 70%
ethanol and resuspended in nuclease-free water. RNA
purity and concentration were determined using a
MaestroNano Pro Spectrophotometer (Maestrogen,
Taiwan), and samples with an A260/A280 ratio of 1.8-2.0

were considered acceptable for further analysis.

gPCR Analysis Protocol: cDNA synthesis was carried out
from 1 pg of total RNA using the ExcelRT Reverse
Transcription Kit (SMOBIO Technology Inc., Taiwan).
gPCR reactions (20 pL) were performed using SensiFast
SYBR (Meridian Bioscience, London, United Kingdom).
Amplification was conducted on a CFX96 real-time PCR
system (Bio-Rad, Hercules, CA, USA) using the following
thermal cycling program: 95°C for 2 minutes, 95°C for 5

seconds, followed by annealing temperature for 10
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seconds, repeated for 40 cycles. The annealing
temperature used as follows: SREBP-1c (57 °C), ChREBP
(57 °C), ACC1 (56.3 °C), FAS (56.3 °C), and DGAT2 (63 °C).
Results were normalized against f-actin, which
functioned as the internal control. Relative mRNA
expression was calculated using 2°AACt method. The
sequences of primers applied in this study are: SREBP-1c
(Forward: 5’- CTGTCGTCTACCATAAGCTGCAC-3’; Reverse:
5’- ATAGCATCTCCTGCACACTCAGC-3’); ChREBP (Forward:
5’-GAAGACCCAAAGACCAAGATGC -3’; Reverse: 5'-
TCTGACAACAAAGCAGGAGGTG-3'); ACC1 (Forward: 5’-
AACATCCCGCACCTTCTTCTAC-3; Reverse: 5’-
CTTCCACAAACCAGCGTCTC-3’); FAS (Forward: 5'-
ACCTCATCACTAGAAGCCACCAG  -3’; Reverse: 5'-
GTGGTACTTGGCCTTGGGTTTA-3’) [25]. DGAT2 (Forward:
5-  AGTCCTACAGTGGGTCCTATC-3’;  Reverse: 5'-
GGCGTGTTCCAGTCAAATGC-3’) [26]. B-actin (Forward: 5'-
TGTGGATTGGTGGCTCTATC-3’; Reverse: 5'-
TGTGGATTGGTGGCTCTATC-3') [27].

Statistical analysis: Data are expressed as mean *
standard deviation (SD). Data normality was assessed
using the Shapiro-Wilk test, and homogeneity of
variances was evaluated using Levene’s test. Differences
in liver weight, hepatic triglyceride levels, and mRNA
expression of SREBP-1c, ChREBP, ACC1, FAS, and DGAT2
among groups were analyzed using one-way ANOVA
followed by Tukey’s post-hoc test. Pearson’s correlation
analysis was performed to evaluate relationships
between dietary fat and sugar intake and hepatic
triglyceride levels; furthermore, correlations were
assessed between fat intake and SREBP-iIc mRNA
expression, and between sugar intake and ChREBP mRNA
expression. Additional Pearson’s correlation analyses
were also conducted to evaluate the relationship
between SREBP-1c and its downstream targets (ACC1 and

FAS) and between ChREBP and its downstream targets
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(ACC1 and FAS). A p-value < 0.05 was considered

statistically significant.

RESULTS
In the present study, rats receiving a high-fat diet and

fructose-containing drinking water had significantly
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higher liver weight compared to the normal group and
the HFHF supplemented with sacha inchi oil groups (P =
0.002). Hepatic triglyceride levels were significantly

lower in the sacha

inchi oil-supplemented groups
compared with the HFHF group (P = 0.0003) and

remained similar to that of the normal group (Figure 1).
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Figure 1. Liver weight (A) and Liver triglyceride levels (B). Values are presented as mean % standard deviation (SD) of five rats. N: normal

control; HFHF: high-fat and fructose water; S1: HFHF + 0.13 g/day of sacha inchi oil; S2: HFHF + 0.26 g/day of sacha inchi oil; S3: HFHF +

0.39 g/day of sacha inchi oil. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post-hoc test. Groups marked

with different superscript letters are significantly different (P < 0.05), while those sharing the same letter do not differ significantly.

Hepatic triglyceride levels are closely related to the
amount and composition of dietary intake. Excessive fat
and sugar intake, particularly fructose, may contribute to

increased hepatic triglyceride levels. The correlation
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presented in Figure 2.
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Figure 2. Relationship between hepatic triglyceride levels and fat intake (A) and dietary sugar intake (B). Correlation analysis was

performed using Pearson’s correlation test. Hepatic triglyceride levels were positively correlated with dietary fat intake (A: r=0.714; P <

0.0001) and dietary sugar intake (B: r = 0.691; P = 0.0007).
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Our study showed that both fat and sugar intake
were positively correlated with hepatic triglyceride levels
according to Pearson’s analysis. A strong correlation was
observed between dietary fat intake and hepatic
triglyceride levels (r = 0.714; P < 0.0001), while dietary
sugar intake demonstrated a moderate correlation (r =

0.691; P = 0.0007). Our findings imply that
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overconsumption of both dietary fat and sugar
contributes to hepatic triglyceride accumulation.

To further support the biochemical findings, the
histological analysis of H&E-stained liver sections was
performed. After the 8-week intervention,

representative liver histology is shown in Figure 3A-E,

with corresponding quantitative data summarized in

Table 2.

Figure 3. Representative liver histology after 8-week intervention at x40 magnification. (A) normal liver histology of rats; (B) HFHF liver

histology of rats; (C) HFHF + 0.13 g/day sacha inchi oil; (D) HFHF + 0.26 g/day sacha inchi oil; (E) HFHF + 0.39 g/day sacha inchi oil. Arrows

indicate lipid droplet.

Table 2. Grading of steatosis after 8 weeks of intervention.

Groups Mean percentage of steatosis Grade

Normal 0% Grade 0
HFHF 8% Grade 1
s1 1% Grade 0
S2 1% Grade 0
S3 2% Grade 0

In our study, the HFHF group (Figure 3B and Table
2) exhibited grade 1 steatosis, characterized by an
average lipid accumulation of 8%. However, the sacha
inchi-oil supplemented groups (Figures 3C-D and Table 2)
exhibited grade 0 steatosis with an average lipid

accumulation of <5%. These findings suggest that

supplementation of sacha inchi oil may prevent hepatic

triglyceride accumulation.

To investigate the regulatory mechanism influenced
by supplementation with this oil, we examined the
transcription factor gene expression (Figure 4) and its
downstream enzyme gene expression involved in

triglyceride synthesis (Figure 5).
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Normal

High-fat diet and fructose drinking
HFHF + 0,13 g/day sacha inchi oil
HFHF + 0.26 g/day sacha inchi oil
HFHF + 0.39 g/day sacha inchi oil

Figure 4. Effects of sacha inchi oil supplementation on hepatic mRNA expression of SREBP-1c (A); and ChREBP (B). Values are presented

as mean = standard deviation (SD) of five rats. N: normal control; HFHF: high-fat and fructose water; S1: HFHF + 0.13 g/day of sacha inchi

oil; S2: HFHF + 0.26 g/day of sacha inchi oil; S3: HFHF + 0.39 g/day of sacha inchi oil. Statistical analysis was performed using one-way

ANOVA followed by Tukey’s post-hoc test. Groups marked with different superscript letters are significantly different, while those sharing

the same letter do not differ significantly.

No significant differences in hepatic SREBP-Ic
MRNA expression were observed among the groups (P =
0.05), indicating that supplementation with sacha inchi
oil did not alter the expression of this gene. To further
explore the mechanism, we also examined the hepatic
ChREBP mRNA expression. Our results demonstrated
that high-fat and high-fructose intake significantly
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findings suggest that sacha inchi oil supplementation may

suppress ChREBP mRNA expression compared with the

HFHF group. However, the groups receiving varying doses

of sacha inchi oil exhibited no significant differences in

ChREBP mRNA expression.
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Figure 5. Relationship between SREBP-1c mRNA expression and fat intake (A) and relationship between ChREBP mRNA expression and

dietary sugar intake (B). Correlation analysis was performed using Pearson’s correlation test. Dietary intake was positively correlated with

SREBP-1c mRNA expression (A: r =0.301; P =0.196), and dietary sugar intake was positively correlated with ChREBP mRNA expression (B:

r=0.538; P=0.01).
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Although dietary fat intake was weakly correlated
with SREBP-1c mRNA expression and did not reach
statistical significance (r = 0.301; P = 0.196), dietary sugar
intake demonstrated a moderate and significant positive
correlation with ChREBP mRNA expression (r =0.538; P =
0.01). The results suggest that ChREBP mRNA expression
may be more influenced by dietary sugar intake than
SREBP-1c mRNA expression is by fat intake (Figures 5A
and B).
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In this study, excessive consumption of dietary fat and
fructose significantly increased hepatic ACCI mRNA expression
compared with the sacha inchi oil-supplemented
groups (P = <0.0001). Supplementation with sacha inchi oil at
all doses (0.13 g/day, 0.26 g/day, and 0.39 g/day) markedly
suppressed hepatic ACCI mRNA expression. Despite the
absence of statistically significant differences among the
supplemented groups, the S2 group exhibited the lowest ACC1
mMRNA expression (Figure 6A).

mm Normal

High-fat diet and fructose drinking
HFHF + 0.13 g/day sacha inchi oil
HFHF + 0.26 g/day sacha inchi oil
HFHF + 0.39 g/day sacha inchi oil

10l

N HFHF 81 S2 S3

Figure 6. Effects of sacha inchi oil supplementation on hepatic mRNA expression of SREBP-1c (A); and ChREBP (B). Values are presented

as mean = standard deviation (SD) of five rats. N: normal control; HFHF: high-fat and fructose water; S1: HFHF + 0.13 g/day of sacha inchi

oil; S2: HFHF + 0.26 g/day of sacha inchi oil; S3: HFHF + 0.39 g/day of sacha inchi oil. Statistical analysis was performed using one-way

ANOVA followed by Tukey’s post-hoc test. Groups marked with different superscript letters are significantly different, while those sharing

the same letter do not differ significantly.

Our findings also demonstrated that high-fat and
high-fructose intake significantly induced hepatic FAS
MRNA expression compared with the normal and sacha
inchi oil-supplemented groups (P = 0.0017). The HFHF
group did not differ significantly from the S1 or S3 groups
(Figure 6B). Although all supplemented groups showed
lower FAS mRNA expressions, the S2 group exhibited the
lowest; nevertheless, the differences among the S1, S2,
and S3 groups were not statistically significant (Figure
6B).

We further examined hepatic DGAT2 mRNA
expression, a key enzyme that catalyzes the final reaction
of triglyceride synthesis. Our results indicated that
excessive intake of dietary fat and fructose induced

hepatic DGAT2 mRNA expression compared with the

normal group (P = 0.03). However, in this study, sacha
inchi oil supplementation did not significantly affect the
hepatic DGAT2 mRNA expression (Figure 7A). Although
sacha inchi oil supplementation did not alter the DGAT2
mRNA expression, we further assessed the DGAT2
protein levels. Rats receiving a high-fat diet along with
fructose-containing drinking water had significantly
higher DGAT2 protein levels compared to the normal
group and the HFHF supplemented with sacha inchi oil
groups (P < 0.0001).

To further investigate the regulatory relationship
between lipogenic genes, correlation analysis was
performed between the transcription factors and their

downstream target genes (Figure 8).
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Figure 7. Effects of sacha inchi oil supplementation on hepatic mRNA expression of DGAT2 (A); and protein levels of DGAT2 (B). Values
are presented as mean * standard deviation (SD) of five rats. N: normal control; HFHF: high-fat and fructose water; S1: HFHF + 0.13 g/day
of sacha inchi oil; S2: HFHF + 0.26 g/day of sacha inchi oil; S3: HFHF + 0.39 g/day of sacha inchi oil. Statistical analysis was performed using
one-way ANOVA followed by Tukey’s post-hoc test. Groups marked with different superscript letters are significantly different, while

those sharing the same letter do not differ significantly.
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Figure 8. Relationship between SREBP-1c mRNA and ACCI mRNA expression (A); relationship between SREBP-1c mRNA and FAS mRNA
expression (B); relationship between ChREBP mRNA and ACC1 mRNA expression (C); and relationship between ChREBP mRNA and FAS

mMRNA expression (D). Correlation analysis was performed using Pearson’s correlation test. (A) r=0.340; P =0.09; (B) r = 0.408; P = 0.042;
(C) r=0.770; P < 0.0001; (D) r = 0.153; P = 0.463).
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Our study showed that SREBP-1c and ACC1 mRNA
expressions displayed a weak positive correlation (r =
0.340; P = 0.09; Figure 8A), whereas a moderate and
statistically significant positive correlation was observed
between SREBP-1c and FAS mRNA (r = 0.408; P = 0.042,
Figure 8B). Similarly, ChREBP and ACC1 mRNA expression
demonstrated a strong and statistically significant
positive correlation (r = 0.770; P<0.0001; Figure 8C),
whereas a weak positive relationship was detected
between ChREBP and FAS mRNA expression (r=0.153; P
=0.463; Figure 8D). The present findings suggest that FAS
MRNA expression is more closely associated with SREBP-
1c, whereas ACC1 mRNA expression is strongly linked to
ChREBP. This might indicate differential transcriptional
regulation of hepatic lipogenic genes under high-fat and

high-fructose intake.

DISCUSSION

In the current study, the effect of sacha inchi oil
supplementation on triglyceride synthesis in rats
receiving a high-fat diet and drinking fructose-containing
water was evaluated. Our results showed that high-fat
and high-fructose intake induced hepatic triglyceride
accumulation, as indicated by higher hepatic triglyceride
levels in the HFHF group. The elevated hepatic
triglyceride levels observed in the HFHF group were
accompanied by increased liver weight, suggesting
excessive lipid deposition within hepatocytes [28]. As
previously reported, elevated hepatic triglyceride levels
reflect excessive lipid deposition within hepatocytes,
whereas an increase in liver weight often correlates with
the severity of steatosis [29-30].

Our results demonstrated a strong positive
correlation between dietary fat intake and hepatic
triglyceride levels, whereas dietary sugar intake showed a
moderate positive correlation. These results suggest
that the dietary fat intake may have a more pronounced
impact on hepatic triglyceride levels than dietary sugar
intake. Several studies have reported that excessive fat

intake contributes to increased hepatic triglyceride levels
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[31-32]. Excessive fat consumption has been shown to
increase hepatic triglyceride accumulation by elevating
fatty acid flux and promoting lipogenic pathways, while
reducing the assembly and secretion of very-low-density
lipoprotein (VLDL) triglycerides [33-35]. Although the
relationship between dietary sugar intake and hepatic
triglyceride levels was moderate, it still represents a
meaningful contribution to hepatic triglyceride
accumulation. Excessive consumption of dietary sugar,
particularly fructose, is known to stimulate the DNL
pathway by upregulating transcription factors such as
SREBP-1c and ChREBP genes [4-5].

Despite exposure to a high-fat and fructose-
containing drinking water, rats supplemented with sacha
inchi oil showed lower hepatic triglyceride levels
compared with the HFHF group. This suggests that PUFAs
contained in sacha inchi oil may exert protective effects
against the hepatic triglyceride accumulation. These
findings indicate that supplementation with sacha inchi
oil may attenuate hepatic triglyceride accumulation,
possibly by modulating lipogenic pathways.

Histological analysis further supported these
biochemical findings. Previous studies have reported that
a combination of dietary fat and fructose can induce mild
or simple hepatic steatosis [36]. In contrast, the livers of
sacha inchi oil-supplemented groups showed fewer lipid
droplets, consistent with previous findings by Samrit et al
[37]. These findings suggest that sacha inchi oil
supplementation attenuated hepatic lipid accumulation
and helped preserve normal liver architecture under
high-fat and high-fructose intake. Furthermore, to
elucidate the mechanism underlying these protective
effects, we next analyzed mRNA expression of several
genes involved in triglyceride synthesis.

Excessive dietary fat and fructose intake are known
to stimulate hepatic SREBP-1c mRNA expression [38]. In
the present study, although SREBP-1c expression was not
significantly different between groups, the HFHF group

showed higher expression than both the normal and
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sacha inchi oil-supplemented groups. This finding
suggests that sacha inchi oil supplementation may not
directly affect its transcription but could influence the
activity through other mechanisms. Previous studies
have demonstrated that PUFAs inhibit SREBP-1c at the
post-translational level. This occurs by inhibiting the
proteolytic cascade that converts precursor SREBP-1c
into its mature form, thereby reducing mature SREBP-1c
levels [39]. Therefore, the lack of changes in SREBP-1c
MRNA expression observed in this study may be due to
the post-translational regulation, whereby PUFA-rich
sacha inchi oil reduces the amount of mature SREBP-1c
without altering the mRNA expression. Unfortunately,
SREBP-1c protein expression was not analyzed in this
study; thus, further investigation is required to confirm
this mechanism.

In contrast to SREBP-1c mRNA expression, our
results demonstrated that ChREBP mRNA expression
differed significantly among the groups. Excessive dietary
fat and fructose intake induced the hepatic ChREBP
MmRNA expression compared with sacha inchi oil-
supplemented groups. The upregulation of ChREBP
mRNA may reflect enhanced carbohydrate-responsive
lipogenesis, as ChREBP is a transcription factor that
mediates glucose- and fructose-induced activation of
lipogenic enzymes such as ACC1 and FAS [40]. Consistent
with this, a moderate positive correlation was observed
between dietary sugar intake with ChREBP mRNA
expression, supporting the notion that excessive dietary
sugar intake may induce ChREBP mRNA expression [41].
This response may arise from sugar-derived metabolites,
which act as activators of ChREBP transcriptional activity
in the liver [42]. Furthermore, analysis of correlation
demonstrated that ChREBP mRNA expression was
strongly correlated with ACCI mRNA expression but
weakly correlated with FAS mRNA expression, suggesting
that ACC1 mRNA expression is predominantly regulated
by ChREBP, whereas FAS mRNA expression may be more
closely associated with SREBP-1c [40-43].
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Suppression of ChREBP mRNA expression may lead
to decreased expression of its downstream targets, ACC1
and FAS, which play a role in triglyceride synthesis [44].
This downregulation may contribute to the reduced
hepatic triglyceride accumulation observed in sacha inchi
oil-supplemented groups, likely mediated through the
action of PUFAS. PUFAs have been reported to promote
ChREBP mRNA decay and inhibit the translocation of
ChREBP from the cytosol into the nucleus, thereby
suppressing the expression of downstream lipogenic
genes [45].

Consistent with these reports, our findings showed
that ACC1 and FAS mRNA expressions in sacha inchi oil-
supplemented groups were lower than in the HFHF
group. Although no significant differences were found in
SREBP-1c mRNA expression among the groups, the lower
ACC1 and FAS mRNA expression may be attributed to
reduced maturation SREBP-1c protein due to inhibition of
its proteolytic processing, leading to diminished
transcriptional activation of target genes [39,46-47]. The
observed downregulation of transcription factors and
their downstream lipogenic targets in the sacha inchi oil-
supplemented groups may reflect a reduced lipogenic
potential at the enzymatic level. This transcriptional
downregulation could consequently influence
downstream pathways involved in fatty acid synthesis,
including those contributing to malonyl-CoA and
palmitate generation, thereby potentially limiting
substrate availability for triglyceride formation [48-50].
This reduction in substrate availability could influence
DGAT2 activity, as DGAT2 catalyzes the final step of
triglyceride synthesis. In our study, sacha inchi oil
supplementation did not affect DGAT2 mRNA expression.
This observation aligns with prior reports demonstrating
that PUFAs supplementation did not alter DGAT2 mRNA
expression [51]. However, in this study, hepatic DGAT2
protein levels were markedly lower in the sacha inchi oil-
supplemented groups compared with the HFHF group. A

possible explanation for this discrepancy is enhanced
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degradation of DGAT2 in response to reduced substrate
availability, since DGAT2 stability has been reported to be
regulated by lipid intermediate such as fatty acids and
diacylglycerol [52]. Additionally, omega-3 PUFAs
contained sacha inchi oil may contribute to the reduction
of DGAT2 levels through the ubiquitin-proteasome
system, similar to the reported degradation of FAS by
omega-3 PUFAs [53]. This mechanism may partly explain
the lower DGAT2 levels observed in sacha inchi oil-
supplemented groups; however, further investigation is
warranted.

In the present study, our findings suggest that sacha
inchi oil supplementation may suppress the hepatic
ChREBP, ACC1, and FAS mRNA expression, along with a
reduction in DGAT2 protein levels. These alterations may
act synergistically to attenuate triglyceride synthesis and
accumulation. These effects appear to be mediated by
the PUFAs contained in sacha inchi oil, which regulate the
triglyceride synthesis pathway. These findings provide
additional support to the current evidence and highlight
the potential of sacha inchi oil as a functional food
component that may help promote metabolic health.

Considering these coordinated regulatory effects on
hepatic lipogenic pathways, the observed metabolic
responses may reflect source-specific properties of sacha
inchi oil that contribute to its metabolic effects beyond
the general biological actions of PUFAs. Although the
lipid-regulatory effects observed in the present study are
broadly consistent with those previously reported for
other PUFA-rich dietary oils such as fish oil, flaxseed oil,
and perilla oil, the biological relevance of sacha inchi oil
may be partly influenced by factors beyond its PUFA
content. Unlike marine-derived oils, sacha inchi oil
represents a sustainable plant-based source of omega-3
fatty acids, avoiding issues related to marine resource
depletion and contaminant exposure [54]. Sacha inchi oil
provides a plant-based lipid characterized by a high a-
linolenic acid (ALA) content, along with additional

bioactive compounds, including tocopherols,

FFS Page 139 of 143

polyphenols, and phytosterols, which may exert
synergistic effects [55].

Within the framework of functional food
development, the present study supports the preclinical
mechanistic stage by providing in vivo evidence for the
metabolic regulatory effects of sacha inchi oil as a
functional dietary oil [56]. The PUFA-rich composition of
sacha inchi oil may exert functional relevance through
regulatory pathways involved in triglyceride synthesis,
particularly by suppressing ChREBP-mediated
downstream targets such as ACC1 and FAS. The present
findings indicate that low-dose sacha inchi oil
supplementation may be sufficient to suppress lipogenic
gene expression under high-fat and high-fructose dietary
conditions. This finding is aligned with the previous
report showing that low doses of PUFAs may suppress
the expression of lipogenic enzyme mRNAs [57].

Although the high-dose group showed a trend
toward lower lipogenic gene expression compared with
the HFHF group, all sacha inchi-oil supplemented groups
exhibited relatively lower expression than the HFHF
group. However, no statistically significant differences
were observed among the supplemented groups,
suggesting that even the lowest dose was sufficient to
reduce the expression of ChREBP, ACC1, and FAS mRNA,
with the moderate dose showing the lowest mean
mRNA expression. Within the tested dose range,
increasing the dose did not result in additional
reductions in mRNA expression among the
supplemented groups. A similar pattern was observed
for DGAT2 protein levels, which were lower in the
sacha inchi-oil supplemented groups than the HFHF
group, without significant differences among the
doses. Collectively, these findings provide biological
plausibility for the application of sacha inchi oil as a
functional dietary component within a dietary
strategy to support the regulation of genes involved in
hepatic triglyceride synthesis, which may be relevant to
the attenuation of hepatic triglyceride accumulation.

From a translational perspective, these findings

suggest that sacha inchi oil supplementation may be
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functionally relevant as a dietary lipid source that can
regulate hepatic triglyceride synthesis under high-fat and
high-fructose dietary conditions. The observed
suppression of ChREBP-mediated lipogenic gene targets,
along with reduced DGAT2 protein levels, suggests an
alteration in hepatic lipid metabolic regulation that may
limit triglyceride synthesis and accumulation. Within the
context of functional food development, such regulatory
effects may support the incorporation of PUFA-rich plant-
based oils into a nutritional strategy to regulate hepatic
lipid metabolism under diet-induced lipogenic
conditions. Although further studies are required to
confirm the applicability of these findings in humans, the
present results provide mechanistic support for the role
of sacha inchi oil in dietary approaches targeting
metabolic disturbances associated with excessive fat and
sugar intake. Further studies could compare the effects
of sacha inchi oil with PUFAs from other dietary sources,
investigate upstream signaling pathways such as (AMP-
activated protein kinase) AMPK and insulin, and perform
additional protein-level mechanistic validation to confirm

and extend the current findings.

CONCLUSION

In conclusion, sacha inchi oil supplementation exerts a
protective  effect against hepatic triglyceride
accumulation by regulating key genes involved in
triglyceride synthesis. Specifically, sacha inchi oil
downregulated ChREBP, ACC1, and FAS mRNA expression
and reduced DGAT2 protein levels.

List of Abbreviations: PUFAs, Polyunsaturated fatty
acids; SREBP-1c, Sterol regulatory element binding
protein 1c; ChRE, Carbohydrate response element
binding protein; ACC1, Acetyl-CoA carboxylase-1; FAS,
Fatty acid synthase; DGAT2, Diacylglycerol
acyltransferase 2; DNL, De novo lipogenesis; AMPK, AMP-

activated protein kinase

Competing Interests: The authors declare that there are

no competing interests.

FFS Page 140 of 143

Authors’ Contributions: DSR: data analysis and
interpretation, drafting the manuscript; AF: study
supervision; SN: study concept and design, critical
revision of the manuscript for important intellectual

content

Acknowledgement: This research was supported by the
Indonesian Education Scholarship (BPI), the Center for
Higher Education Funding and Assessment (PPPAPT), and
the Indonesia Endowment Fund for Education (LPDP).
The authors would like to express their sincere gratitude
to the Universitas Gadjah Mada for providing the facilities
and institutional support necessary to conduct this study.
The authors are also thankful to Fatimah Nur Azizah for
her valuable technical assistance especially in sample
collection and analysis. The authors used artificial
intelligence (Al) tools to assist in the language editing and

to improve the clarity of the article.

REFERENCES
1.  Yki-Jarvinen H, Luukkonen PK, Hodson L, Moore JB. Dietary
carbohydrates and fats in nonalcoholic fatty liver disease.
Nature Reviews Gastroenterology & Hepatology. 2021;
18(11):770-786.

DOI: https://doi.org/10.1038/s41575-021-00472-y

2. Wayal V, Hsieh CC. Bioactive dipeptides mitigate high-fat
and high-fructose corn syrup diet-induced metabolic-
associated fatty liver disease via upregulation of Nrf2/HO-1
expressions in  C57BL/6) mice. Biomedicine &
Pharmacotherapy. 2023; 168:115724.

DOI: https://doi.org/10.1016/j.biopha.2023.115724

3. Chu H, Du C, Yang Y, Feng X, Zhu L, Chen J, et al. MC-LR
Aggravates Liver Lipid Metabolism Disorders in Obese Mice
Fed a High-Fat Diet via PI3K/AKT/mTOR/SREBP1 Signaling
Pathway. Toxins (Basel). 2022;14(12):833.
DOI: https://doi.org/10.3390/toxins14120833

4.  Zhu Z, Zhang X, Pan Q, Zhang L, Chai J. In-depth analysis of
de novo lipogenesis in non-alcoholic fatty liver disease:
Mechanism and pharmacological interventions. Liver
Research. 2023;7(4):285-295.

DOI: https://doi.org/10.1016/].livres.2023.11.003

5. Ozkan H, Yakan A. Dietary high calories from sunflower oil,

sucrose and fructose sources alters lipogenic genes


http://www.ffhdj.com/
https://doi.org/10.1038/s41575-021-00472-y
https://doi.org/10.1016/j.biopha.2023.115724
https://doi.org/10.3390/toxins14120833
https://doi.org/10.1016/j.livres.2023.11.003

Functional Food Science 2026; 6(3): 127 — 143

10.

11.

12.

13.

14.

15.

expression levels in liver and skeletal muscle in rats. Annals
of Hepatology. 2019;18(5):715-724.
DOI: https://doi.org/10.1016/j.aohep.2019.03.013

Ramatchandirin B, Pearah A, He L. Regulation of liver glucose
and lipid metabolism by transcriptional factors and
coactivators. Life (Basel). 2023;13(2):515.

DOI: https://doi.org/10.3390/life13020515

Li X, Wang H. Multiple organs involved in the pathogenesis
of non-alcoholic fatty liver disease. Cell & Bioscience.
2020;10(1):140.

DOI: https://doi.org/10.1186/s13578-020-00507-y

Paoli A. The influence of physical exercise, ketogenic diet,
and time-restricted eating on de novo lipogenesis: a
narrative review. Nutrients. 2025;17(4):663.

DOI: https://doi.org/10.3390/nu17040663

Yeh YT, Cho YY, Hsieh SC, Chiang AN. Chinese olive extract
ameliorates hepatic lipid accumulation in vitro and in vivo by
regulating

2018;8(1):1057.

lipid  metabolism.  Scientific  Reports.

DOI: https://doi.org/10.1038/s41598-018-19553-1

Wang Y, Yu W, Li S, Guo D, He J, Wang Y. Acetyl-CoA
carboxylases and diseases. Frontiers in Oncology. 2022;
12:836058.

DOI: https://doi.org/10.3389/fonc.2022.836058

Alves-Bezerra M, Cohen DE. Triglyceride metabolism in the
liver. Comprehensive Physiology. 2017;8(1):1-8.
DOI: https://doi.org/10.1002/j.2040-4603.2018.tb00008.x

Giudetti AM, Micioni Di Bonaventura MV, Ferramosca A,
Longo S, Micioni Di Bonaventura E, Friuli M, et al. Brief daily
access to cafeteria-style diet impairs hepatic metabolism
even in the absence of excessive body weight gain in rats.
FASEB Journal. 2020;34(7):9358-9371.

DOI: https://doi.org/10.1096/f].201902757R

Rong S, Xia M, Vale G, Wang S, Kim CW, Li S, et al. DGAT2
inhibition blocks SREBP-1 cleavage and improves hepatic
steatosis by increasing phosphatidylethanolamine in the ER.
Cell Metabolism. 2024;36(3):617-629.e7.

DOI: https://doi.org/10.1016/j.cmet.2024.01.011

Reytor-Gonzalez C, Simancas-Racines D, Campuzano-
Donoso M, Castano Jimenez J, Roman-Galeano NM, Sarno G,
et al. Harnessing nutrition to combat MASLD: a
comprehensive guide to food-based therapeutic strategies.
Food and Agricultural Immunology. 2025;36(1):1-26.

DOI: https://doi.org/10.1080/09540105.2025.2496499

Martirosyan D, Lampert T, Lee M. A comprehensive review
on the role of food bioactive compounds in functional food

science. Functional Food Science. 2022;2(3):64.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

FFS Page 141 of 143

DOI: https://doi.org/10.31989/ffs.v2i3.906

Mondal S, Soumya NPP, Mini S, Sivan SK. Bioactive
compounds in functional food and their role as therapeutics.
Bioactive Compounds in Health and Disease. 2021;4(3):24.
DOI: https://doi.org/10.31989/bchd.v4i3.786

Dixit V, Joseph KSW, Bajrang CP, Dayal D, Chaubey KK, Pal
AK, et al. FunctionalfFoods: exploring the health benefits of
bioactive compounds from plant and animal sources.
Journal of Food Quality. 2023;2023(1):5546753.

DOI: https://doi.org/10.1155/2023/5546753

Sampath H, Ntambi JM. Polyunsaturated fatty acid
regulation of gene expression. Nutrition Reviews.
2004;62(9):333-9.

DOI: https://doi.org/10.1111/j.1753-4887.2004.tb00058.x

Kodahl N, Frandsen HB, Litken H, Petersen IL, Paredes
Andrade NJ, Garcia-Davila C, et al. Lipid composition of the
Amazonian 'Mountain Sacha Inchis' including Plukenetia
carolis-vegae Bussmann, Paniagua & C.Téllez. Scientific
Reports. 2022;12(1):6450.

DOI: https://doi.org/10.1038/s41598-022-10404-8

Clarke SD, Gasperikova D, Nelson C, Lapillonne A, Heird WC.
Fatty acid regulation of gene expression: a genomic
explanation for the benefits of the mediterranean diet.
Annals of The New York Academy of Sciences. 2002; 967:283-
98.

DOI: https://doi.org/10.1111/j.1749-6632.2002.tb04284.x

Jump DB. N-3 polyunsaturated fatty acid regulation of
hepatic gene transcription. Current Opinion in Lipidology.
2008;19(3):242-7.

DOI: https://doi.org/10.1097/mol.0b013e3282ffaf6a

Supriyanto S, Imran Z, Ardiansyah R, Auliyai B, Pratama A,
Kadha F. The effect of cultivation conditions on Sacha Inchi
(Plukenetia volubilis L.) seed production and oil quality
(Omega 3, 6, 9). Agronomy. 2022;12(3):636.

DOI: https://doi.org/10.3390/agronomy12030636

Reeves PG. Components of the AIN-93 diets as
improvements in the AIN-76A diet. The Journal of Nutrition.
1997;127(5 Suppl):8385-841S.

DOI: https://doi.org/10.1093/jn/127.5.838S

Yustisia |, Tandiari D, Cangara MH, Hamid F, Daud NA. A high-
fat, high-fructose diet induced hepatic steatosis, renal
lesions, dyslipidemia, and hyperuricemia in non-obese rats.
Heliyon. 2022;8(10):e10896.

DOI: https://doi.org/10.1016/j.heliyon.2022.e10896

Gao H, Guan T, Li C, Zuo G, Yamahara J, Wang J, et al.
Treatment with ginger ameliorates fructose-induced Fatty

liver and hypertriglyceridemia in rats: modulation of the


http://www.ffhdj.com/
https://doi.org/10.1016/j.aohep.2019.03.013
https://doi.org/10.3390/life13020515
https://doi.org/10.1186/s13578-020-00507-y
https://doi.org/10.3390/nu17040663
https://doi.org/10.1038/s41598-018-19553-1
https://doi.org/10.3389/fonc.2022.836058
https://doi.org/10.1002/j.2040-4603.2018.tb00008.x
https://doi.org/10.1096/fj.201902757R
https://doi.org/10.1016/j.cmet.2024.01.011
https://doi.org/10.1080/09540105.2025.2496499
https://doi.org/10.31989/ffs.v2i3.906
https://doi.org/10.31989/bchd.v4i3.786
https://doi.org/10.1155/2023/5546753
https://doi.org/10.1111/j.1753-4887.2004.tb00058.x
https://doi.org/10.1038/s41598-022-10404-8
https://doi.org/10.1111/j.1749-6632.2002.tb04284.x
https://doi.org/10.1097/mol.0b013e3282ffaf6a
https://doi.org/10.3390/agronomy12030636
https://doi.org/10.1093/jn/127.5.838S
https://doi.org/10.1016/j.heliyon.2022.e10896

Functional Food Science 2026; 6(3): 127 — 143

26.

27.

28.

29.

30.

31.

32.

33.

34.

hepatic carbohydrate response element-binding protein-
mediated pathway. Evidence-Based Complementary and
Alternative Medicine. 2012; 2012:570948.

DOI: https://doi.org/10.1155/2012/570948

Aryaeian N, Alipour R, Karegar SJ, Soleimani M, Hosseini A,
Hekmatdoost A. Saffron effects on liver enzymes,
antioxidant capacity, insulin, inflammation and genes
expression of lipolysis and lipogenesis in a rat model of non-
alcoholic fatty liver disease. Clinical Nutrition Open Science.
2024; 53:95-107.

DOI: https://doi.org/10.1016/j.nutos.2023.12.004

Kelm-Nelson CA, Stevenson SA, Ciucci MR. Data in support
of gPCR primer design and verification in a Pinkl -/- rat
model of Parkinson disease. Data in Brief. 2016; 8:360-3.
DOI: https://doi.org/10.1016/j.dib.2016.05.056

Fouret G, Gaillet S, Lecomte J, Bonafos B, Djohan F, Barea B,
et al. 20-week follow-up of hepatic steatosis installation and
liver mitochondrial structure and activity and their
interrelation in rats fed a high-fat-high-fructose diet. British
Journal of Nutrition. 2018;119(4):368-380.

DOI: https://doi.org/10.1017/s0007114517003713

Fabbrini E, Magkos F. Hepatic steatosis as a marker of
metabolic dysfunction. Nutrients. 2015;7(6):4995-5019.
DOI: https://doi.org/10.3390/nu7064995

Simon G, Heckmann V, Téth D, Pauka D, Petrus K, Molnar TF.
The effect of hepatic steatosis and fibrosis on liver weight
and dimensions. Legal Medicine (Tokyo). 2020; 47:101781.
DOI: https://doi.org/10.1016/j.legalmed.2020.101781

Reis-Costa A, Belew GD, Viegas |, Tavares LC, Meneses MJ,
Patricio B, et al. The effects of long-term high fat and/or high
sugar feeding on sources of postprandial hepatic glycogen
and  triglyceride  synthesis in  mice. Nutrients.
2024;16(14):2186.

DOI: https://doi.org/10.3390/nu16142186

Rosqvist F, Kullberg J, Stahiman M, Cedernaes J, Heurling K,
Johansson HE, et al. Overeating saturated fat promotes fatty
liver and ceramides compared with polyunsaturated fat: a
randomized trial.  J  Clin Endocrinol ~ Metab.
2019;104(12):6207-6219.

DOI: https://doi.org/10.1210/jc.2019-00160

Hodson L. Hepatic fatty acid synthesis and partitioning: the
effect of metabolic and nutritional state. Proceeding of the
Nutrition Society. 2019;78(1):126-134.

DOI: https://doi.org/10.1017/s0029665118002653

NiuY, LiS, NaL, FengR, Liu L, Li Y, et al. Mangiferin decreases

plasma free fatty acids through promoting its catabolism in

35.

36.

37.

38.

39.

40.

41.

42.

FFS Page 142 of 143

liver by activation of AMPK. PLoS One. 2012;7(1):e30782.
DOI: https://doi.org/10.1371/journal.pone.0030782

Sobrecases H, Lé KA, Bortolotti M, Schneiter P, Ith M, Kreis
R, et al. Effects of short-term overfeeding with fructose, fat
and fructose plus fat on plasma and hepatic lipids in healthy
men. Diabetes & Metabolism. 2010;36(3):244-6.

DOI: https://doi.org/10.1016/j.diabet.2010.03.003

Eslami Z, Mirghani SJ, Eghbal MA, Norouzi A, Naseh H,
Joshaghani H, et al. An efficient model of non-alcoholic fatty
liver disease (NAFLD) versus current experimental models:
effects of fructose, fat, and carbon tetrachloride on NAFLD.
Hepatitis Monthly. 2021; 21(8):e117696.

DOI: https://doi.org/10.5812/hepatmon.117696

Samrit T, Osotprasit S, Chaiwichien A, Suksomboon P,
Chansap S, Athipornchai A, et al. Cold-pressed sacha inchi
oil: high in omega-3 and prevents fat accumulation in the
liver. Pharmaceuticals. 2024;17(2):220.

DOI: https://doi.org/10.3390/ph17020220

Sunarti, Santoso U, Pramana AAC, Huriyati E, Rubi DS. High
fiber and beta carotene from sweet potatoes and pumpkin
improve insulin resistance by inhibition of sterol regulatory
binding protein 1c in liver of hypertriglyceridemic rats. Open
Access Macedonian Journal of Medical Sciences.
2020;8(A):898-903.

DOI: https://doi.org/10.3889/0amjms.2020.5354

Nakatani T, Kim HJ, Kaburagi Y, Yasuda K, Ezaki O. A low fish
oil inhibits SREBP-1 proteolytic cascade, while a high-fish-oil
feeding decreases SREBP-1 mRNA in mice liver: relationship
to anti-obesity. Journal of Lipid Research. 2003;44(2):369—
79. DOI: https://doi.org/10.1194/jlr.m200289-jIr200

Geidl-Flueck B, Gerber PA. Fructose drives de novo
lipogenesis affecting metabolic health. Journal of
Endocrinology. 2023;257(2):€220270.

DOI: https://doi.org/10.1530/JOE-22-0270

Janevski M, Ratnayake S, Siljanovski S, McGlynn MA,
Cameron-Smith D, Lewandowski P. Fructose containing
sugars modulate mRNA of lipogenic genes ACC and FAS and
protein levels of transcription factors ChREBP and SREBP1c
with no effect on body weight or liver fat. Food & Function.
2012;3(2):141-9.

DOI: https://doi.org/10.1039/c1fo10111k

lizuka K. The roles of carbohydrate response element
binding protein in the relationship between carbohydrate
intake and diseases. International Journal of Molecular
Sciences. 2021;22(21):12058.

DOI: https://doi.org/10.3390/ijms222112058



http://www.ffhdj.com/
https://doi.org/10.1155/2012/570948
https://doi.org/10.1016/j.nutos.2023.12.004
https://doi.org/10.1016/j.dib.2016.05.056
https://doi.org/10.1017/s0007114517003713
https://doi.org/10.3390/nu7064995
https://doi.org/10.1016/j.legalmed.2020.101781
https://doi.org/10.3390/nu16142186
https://doi.org/10.1210/jc.2019-00160
https://doi.org/10.1017/s0029665118002653
https://doi.org/10.1371/journal.pone.0030782
https://doi.org/10.1016/j.diabet.2010.03.003
https://doi.org/10.5812/hepatmon.117696
https://doi.org/10.3390/ph17020220
https://doi.org/10.3889/oamjms.2020.5354
https://doi.org/10.1194/jlr.m200289-jlr200
https://doi.org/10.1530/JOE-22-0270
https://doi.org/10.1039/c1fo10111k
https://doi.org/10.3390/ijms222112058

Functional Food Science 2026; 6(3): 127 — 143

43.

44,

45.

46.

47.

48.

49.

50.

Foretz M, Guichard C, Ferré P, Foufelle F. Sterol regulatory
element binding protein-1c is a major mediator of insulin
action on the hepatic expression of glucokinase and
lipogenesis-related genes. Proceedings of the National
Academy of Sciences USA. 1999;96(22):12737-42.

DOI: https://doi.org/10.1073/pnas.96.22.12737

Saidi H, Bounihi A, Bouazza A, Hichami A, Koceir EHA, Khan
NA. Spirulina reduces diet-induced obesity through
downregulation of lipogenic genes expression in
Psammomys obesus. Archives of Physiology and
Biochemistry. 2022;128(4):1001-1009.

DOI: https://doi.org/10.1080/13813455.2020.1743724

Dentin R, Benhamed F, Pégorier JP, Foufelle F, Viollet B,
Vaulont S, et al. Polyunsaturated fatty acids suppress
glycolytic and lipogenic genes through the inhibition of
ChREBP nuclear protein translocation. The Journal of Clinical
Investigation. 2005;115(10):2843-54.

DOI: https://doi.org/10.1172/jci25256.

TakeuchiY, Yahagi N, Izumida Y, Nishi M, Kubota M, Teraoka
Y, et al. Polyunsaturated fatty acids selectively suppress
sterol regulatory element-binding protein-1 through
proteolytic processing and autoloop regulatory circuit.
Journal of Biological Chemistry. 2010;285(15):11681-91.
DOI: https://doi.org/10.1074/jbc.m109.096107

Ferré P, Phan F, Foufelle F. SREBP-1c and lipogenesis in the
liver: an update. Biochemical Journal. 2021 Oct
29;478(20):3723-3739.

DOI: https://doi.org/10.1042/bcj20210071

Mao J, DeMayo FJ, Li H, Abu-Elheiga L, Gu Z, Shaikenov TE,
et al. Liver-specific deletion of acetyl-CoA carboxylase 1
reduces hepatic triglyceride accumulation without affecting
glucose homeostasis. Proceedings of the National Academy
of Sciences. 2006;103(22):8552-7.

DOI: https://doi.org/10.1073/pnas.0603115103

Deja S, Fletcher JA, Kim CW, Kucejova B, Fu X, Mizerska M,

et al. Hepatic malonyl-CoA synthesis restrains
gluconeogenesis by suppressing fat oxidation, pyruvate
carboxylation, and amino acid availability. Cell Metabolism.
2024;36(5):1088-1104.e12.

DOI: https://doi.org/10.1016/j.cmet.2024.02.004

Li P, Zhang R, Wang M, Chen Y, Chen Z, Ke X, et al. Baicalein

prevents fructose-induced hepatic steatosis in rats: in the

51.

52.

53.

54,

55.

56.

57.

FFS Page 143 of 143

regulation of fatty acid de novo synthesis, fatty acid
elongation and fatty acid Oxidation. Frontiers in
Pharmacology. 2022; 13:917329.

DOI: https://doi.org/10.3389/fphar.2022.917329

Yamazaki T, Nakamori A, Sasaki E, Wada S, Ezaki O. Fish oil
prevents sucrose-induced fatty liver but exacerbates high-
safflower oil-induced fatty liver in ddy mice. Hepatology.
2007;46(6):1779-90.

DOI: https://doi.org/10.1002/hep.21934

Choi K, Kim H, Kang H, Lee SY, Lee SJ, Back SH, et al.
Regulation of diacylglycerol acyltransferase 2 protein
stability by gp78-associated endoplasmic-reticulum-
associated degradation. The FEBS Journal.
2014;281(13):3048-60.

DOI: https://doi.org/10.1111/febs.12841

Wojcik C, Lohe K, Kuang C, Xiao Y, Jouni Z, Poels E.
Modulation of adipocyte differentiation by omega-3
polyunsaturated fatty acids involves the ubiquitin-
proteasome system. Journal of Cellular and Molecular
Medicine. 2014;18(4):590-9.

DOI: https://doi.org/10.1111/jcmm.12194

Oanh NC, Thu CTT, Hornick JL, Nguyen DV. Supplementing
sacha inchi (Plukenetia volubilis) oil in laying hen diets:
influences on production performance, egg quality and fatty
acid profile. Veterinary Sciences. 2025;12(10):953.

DOI: https://doi.org/10.3390/vetsci12100953

Guiotto EN, Julio LM, Ixtaina VY. Natural antioxidants in the
preservation of omega-3-rich oils: applications in bulk,
emulsified, and microencapsulated chia, flaxseed, and Sacha
inchi oils. Phytochemistry Review. 2025; 24:6139-6167
DOI: https://doi.org/10.1007/s11101-025-10109-6

Martirosyan DM. Functional food science in the era of
artificial intelligence: the role of domain authority,
structured validation, and responsible translation.
Functional Food Science. 2026;6(1):104-114.
DOI: https://doi.org/10.31989/ffs.v6i2.1903

Iritani N, Komiya M, Fukuda H, Sugimoto T. Lipogenic
enzyme gene expression is quickly suppressed in rats by a
small amount of exogenous polyunsaturated fatty acids. The
Journal of Nutrition. 1998 128(6):967-72.

DOI: https://doi.org/10.1093/jn/128.6.967



http://www.ffhdj.com/
https://doi.org/10.1073/pnas.96.22.12737
https://doi.org/10.1080/13813455.2020.1743724
https://doi.org/10.1172/jci25256
https://doi.org/10.1074/jbc.m109.096107
https://doi.org/10.1042/bcj20210071
https://doi.org/10.1073/pnas.0603115103
https://doi.org/10.1016/j.cmet.2024.02.004
https://doi.org/10.3389/fphar.2022.917329
https://doi.org/10.1002/hep.21934
https://doi.org/10.1111/febs.12841
https://doi.org/10.1111/jcmm.12194
https://doi.org/10.3390/vetsci12100953
https://doi.org/10.1007/s11101-025-10109-6
https://doi.org/10.31989/ffs.v6i2.1903
https://doi.org/10.1093/jn/128.6.967



