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Abstract. Sestrin 2 (SESN2) is a conserved protein whose 
expression is upregulated under various cellular stresses 
including hepatic injury. In the injured liver, hepatic stel‑
late cells (HSCs) become activated and produce collagen, 
contributing to fibrosis; however, SESN2 overexpression has 
been shown to suppress collagen synthesis. Amino acids are 
known to influence SESN2 expression; however, their specific 
effects remain unclear. In the present study, it was investigated 
whether specific amino acids regulate SESN2 expression and 
the function of quiescent RI‑T HSCs, which are responsible for 
collagen production, using reverse transcription‑quantitative 
PCR, western blotting, and cell proliferation assay. It was found 
that supplementation with asparagine (Asn) and proline (Pro) 
(AP), both non‑essential amino acids, led to a complete reduc‑
tion in SESN2 and activating transcription factor 4 (ATF4) 
mRNA levels after 5 h of incubation. Additionally, AP partially 
reduced collagen type I α1 (COL1A1) mRNA levels. However, 
knockdown of SESN2 or ATF4 resulted in a more substantial 
reduction in COL1A1 mRNA levels than the supplementation 
with AP. These results suggest that SESN2, which is induced 
by amino acid insufficiency, contributes to the upregulation 
of COL1A1 mRNA levels and that AP may increase COL1A1 
mRNA levels through pathways independent of SESN2. 
The COL1A1‑inducing effect of SESN2 contrasted with the 
inhibitory effect of SESN2 on activated HSCs. In long‑term 
cultures, AP supplementation increased COL1A1 mRNA and 
protein levels, as well as RI‑T cell proliferation, while SESN2 
and ATF4 mRNA levels remained suppressed. These findings 
suggested that the absence of AP induces relative amino acid 

starvation, leading to increased ATF4/SESN2 expression. 
By contrast, long‑term AP supplementation alleviated this 
stress, promoting cell proliferation and COL1A1 synthesis. 
The present results indicate that SESN2 function in quiescent 
HSCs may differ from its role in activated cells, providing new 
insights into its regulatory mechanisms in collagen production.

Introduction

Liver fibrosis is caused by several types of liver injuries, 
including viral hepatitis, alcoholic hepatitis and non‑alcoholic 
steatohepatitis. A meta‑analysis showed that the global preva‑
lence rate of advanced liver fibrosis in the general population 
is 3.3% (95% CI, 2.4‑4.2%), with an increasing trend observed 
in recent years (1). During liver injury, activated Kupffer cells 
serve as the primary producers of pro‑inflammatory cytokines, 
including interleukin‑6, tumor necrosis factor‑α and trans‑
forming growth factor‑beta (TGF‑β). These cytokines activate 
hepatic stellate cells (HSCs), which, upon activation, produce 
excess extracellular matrix molecules such as collagen types I 
and III, as well as other proteins that constitute pathological 
fibrous tissues. This process ultimately leads to scar tissue 
formation and liver fibrosis (2,3).

The Sestrin (SESN) family consists of three highly evolu‑
tionarily conserved, stress‑inducible proteins: SESN1, SESN2 
and SESN3. Among them, SESN2 has been the most exten‑
sively studied SESN. SESN2 expression is upregulated in cells 
in response to oxidative stress (4), hypoxia (5,6) and nutritional 
stress (7,8). Under these conditions, activating transcription 
factor 4 (ATF4) expression is induced to stimulate SESN2 
expression. SESN2 exerts cytoprotective effects by activating 
AMP‑activated protein kinase and inhibiting the mechanistic 
target of rapamycin complex 1, thereby attenuating anabolic 
activities and maintaining cellular homeostasis (9). In liver 
disease, SESN2 is abnormally expressed and is correlated 
with disease progression. This increased SESN2 production 
suppresses HSCs' activation and intrahepatic inflammation, 
thereby inhibiting the occurrence and progression of fibro‑
genesis. Furthermore, artificial induction of SESN2 via the 
ATF4 pathway ameliorates hepatic steatosis in mice  (10). 
Overexpression of SESN2 in the mouse liver reduces collagen 
type Iα 1 (COL1A1) expression (11).
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HSC activation and the progression of fibrosis are influ‑
enced by various amino acids. Branched‑chain amino acids 
have been shown to suppress liver fibrosis in rats treated with 
carbon tetrachloride (12,13) and in diethyl nitrosamine‑treated 
cirrhotic rats (14). Glutamine also inhibits carbon tetrachlo‑
ride‑induced liver fibrosis in mice (15). Branched‑chain amino 
acids reduce COL1A1 expression, the primary component of 
collagen (16,17). Additionally, a combination of five amino 
acids and an amino acid derivative‑leucine (Leu), isoleucine, 
valine, arginine, glutamine, and N‑acetylcysteine‑reduces the 
secretion of procollagen 1 and 3 in TGF‑β‑treated HSCs (18). 
Conversely, homocysteine promotes HSC proliferation (19), 
while Leu enhances procollagen alpha1 translation in 
HSCs (20). However, the effects of amino acids on quiescent 
HSCs remains unclear.

Previously, it was reported that specific amino acids differ‑
entially regulate SESN2 expression, which is upregulated by 
amino acid deprivation in C2C12 cells (21). Based on these 
findings, it was hypothesized that specific amino acids regu‑
late SESN2 expression and influence COL1A1 production 
and cell proliferation, even in quiescent HSCs. It has been 
reported that RI‑T cells, a rat HSC cell line, can be cultured in 
both Roswell Park Memorial Institute (RPMI)‑1640 medium 
and Dulbecco's modified Eagle's medium (DMEM) (22,23). 
Unlike RPMI‑1640, DMEM does not contain Asp, Asn, Glu 
and Pro. In the present study, the effect of these two media was 
first compared on SESN2 expression as an initial screening. 
The effect of amino acid composition on SESN2 and COL1A1 
expression, as well as cell proliferation, was then investigated 
in RI‑T cells.

Materials and methods

Cell culture and in vitro study. Fetal bovine serum (FBS) 
was purchased from ICN Biomedicals. DMEM and 
RPMI‑1640 media were obtained from Nacalai Tesque, Inc. 
Aspartic acid (Asp), asparagine (Asn), glutamic acid (Glu), 
proline (Pro), sodium pyruvate and actinomycin were also 
sourced from Nacalai Tesque, Inc. The C2C12 myocytes (cat. 
no. RCB0987) were obtained from the Riken Cell Bank. RI‑T 
rat HSC lines (cat. no. JCRB1088) were purchased from the 
JCRB cell bank. C2C12, HepG2 (a liver cancer cell line; cat. 
no. RCB1648; Riken Cell Bank) and GH3 (a pituitary cell line 
producing growth hormone and prolactin; cat. no. CCL‑82.1; 
American Type Culture Collection) cells were cultured 
in DMEM supplemented with 15.5  µg/ml kanamycin, 
100 µg/ml penicillin G and 10% FBS. RI‑T cells were main‑
tained in RPMI‑1640 medium with same supplements. Cells 
were plated in 6‑well plates for western blot experiments or 
in 12‑well plates for reverse transcription‑quantitative PCR 
(RT‑qPCR) experiments and cultured until 80% confluence 
was reached.

After reaching the desired confluence, cells were washed 
with phosphate buffered saline and treated with media 
containing specific amino acids for 5, 24, or 48 h to examine 
the effects of specific amino acids on SESN2, ATF4, COL1A1 
and asparagine synthetase (ASNS) mRNA levels as well 
as COL1A1 protein levels. The final concentrations of Asp, 
Asn, Glu and Pro added to DMEM matched those found in 
RPMI‑1640 medium. Additionally, sodium pyruvate was 

added to the RPMI‑1640 medium to adjust its concentration 
to match that of DMEM. For experiments evaluating SESN2 
transcriptional activation, 1 mM actinomycin was added to 
the medium, as previously described (24). Unless otherwise 
specified, serum‑free medium was used in all experiments. 
Preliminary time‑course experiments showed detectable 
changes in SESN2 mRNA expression within 5 h, thus guiding 
the incubation time for these studies.

RT‑qPCR. Total RNA was extracted from cultured cells 
using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's instructions. RNA 
concentration was determined by measuring absorbance at 
260 nm using a spectrophotometer. Reverse transcription 
was performed using 2 µg of total RNA in a 25 µl reaction 
volume at 42˚C for 60 min. The synthesized complementary 
DNA solution (0.8 µl) was used as the template for RT‑qPCR, 
which was conducted using the Thunderbird SYBR PCR mix 
(Toyobo Life Science) on a LightCycler 96 System (Roche 
Diagnostics). The thermocycling conditions were as follows: 
Initial denaturation at 95˚C for 60 sec, followed by 45 cycles of 
95˚C for 15 sec, 60˚C for 15 sec, and 72˚C for 45 sec. All gene 
expression data were normalized to β‑actin mRNA levels and 
relative quantification was performed using the 2‑ΔΔCq method 
as previously described (25). Primer sequences used in the 
present study are listed in Table I.

Protein extraction and western blotting. RI‑T cells were 
washed twice with ice‑cold phosphate buffered saline, 
followed by treatment with ice‑cold lysis buffer [50 mM 
Tris‑HCl, pH 8.0; 120 mM NaCl; 20 mM NaF; 1% Nonidet™ 
P‑40; 1 mM ethylene glycol tetra‑acetic acid; 1 mM ethyl‑
enediaminetetraacetic acid; 15  mM sodium dihydrogen 
pyrophosphate; 2  mM sodium orthovanadate; 1  mM 
β‑glycerophosphate; and protease inhibitor cocktail (Nacalai 
Tesque, Inc.)]. The lysates were centrifuged at 13,000 x g 
for 12 min at 4˚C, and the supernatant was transferred to 
new tubes. The protein concentration in each lysate was 
determined using the Bradford protein assay (Bio‑Rad 
Laboratories, Inc.). Lysates containing 30 µg of total protein 
were boiled in 2X sample buffer (125 mM Tris‑HCl, pH 6.8; 
4% sodium dodecyl sulfate; 100 mM dithiothreitol; 20% 
glycerol and 1% bromophenol blue) for 5 min. Proteins were 
separated by sodium dodecyl sulfate‑polyacrylamide gel 
electrophoresis (5% acrylamide) and transferred to polyvi‑
nylidene fluoride membranes. After blocking with Blocking 
One (Nacalai Tesque, Inc.) for 30 min at room temperature, 
the membranes were incubated overnight at 4˚C with primary 
antibodies, followed by washing with Tris‑buffered saline 
containing 0.1% Tween‑20. Secondary antibodies were then 
applied for 1 h at 22˚C. The following primary antibodies 
were used: α‑tubulin (cat. no. T6074; MilliporeSigma) and 
COL1A1 (cat. no. bs‑10423R; BIOSS). Secondary antibodies 
included horseradish peroxidase‑conjugated anti‑rabbit IgG 
and anti‑mouse IgG (cat. nos. NA934 and NA931, respec‑
tively; GE Healthcare). Protein bands were detected using 
Amersham ECL Prime chemiluminescent Reagent (GE 
Healthcare) and quantified using an ImageQuant LAS 500 
system with the ImageQuant TL software (v.8‑2; Cytiva). 
The band intensities are expressed in arbitrary units.



BIOMEDICAL REPORTS  22:  93,  2025 3

Small interfering RNA (siRNA). For siRNA experiments,  
rat ATF4 siRNA targeting the sequence TGG​ATA​AGA​
AGC​TGA​AAA​AGA​TG and rat SESN2 siRNA targeting 
the sequence TGC​GTC​TTT​GGT​ATC​AGA​TAT​GA were 
obtained from Eurofins Genomics. The negative control 
siRNA targeting the sequence TTC​TCC​GAA​CGT​GTC​ACGT 
was purchased from Shanghai GenePharma Co., Ltd. The 
sense and antisense sequences for all siRNAs used are listed in 
Table II. RI‑T cells were seeded in 12‑well plates and cultured 
in RPMI‑1640 medium until they reached 50% confluency. A 
total of 50 pmol of siRNA or control siRNA was transfected 
into the cells using Lipofectamine 2000 (Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocol. 
After 24 h, the medium was replaced with DMEM, with or 
without Asn and Pro (AP). Total RNA was extracted after 5 h 
of incubation.

Cell proliferation assay. RI‑T cells were seeded in 96‑well 
plates at a density of 7,000 cells per well. After 6 h of incubation 
at 37˚C, AP was added to DMEM, and the cells were incu‑
bated for an additional 24 h. Proliferation was assessed using a 
Cell Counting Kit‑8 (Dojindo Laboratories, Inc.), according to 

the manufacturer's instructions. Briefly, 20 µl of water‑soluble 
tetrazolium salt‑8 reagent was added to each well. After a 2‑h 
incubation at 37˚C, the absorbance was measured at 450 nm 
using a microplate reader.

Statistical analyses. Data are expressed as the mean ± stan‑
dard error of the mean (SEM). Statistical differences were 
determined using one‑way analysis of variance (ANOVA), 
followed by Tukey‑Kramer test (SAS Institute, Inc.). For 
comparisons between two groups, unpaired Student's t‑test 
was used. P<0.05 was considered to indicate a statistically 
significant difference. Sample sizes were calculated based 
on preliminary data (mean ± SEM) using G*Power software 
(version 3.1.9.6; www.gpower.hhu.de,) as α=0.05 and 1‑β=0.8.

Results

The addition of Asp, Asn, Glu and Pro (4AAs), which are 
deficient in DMEM, reduce the SESN2 and ATF4 mRNA 
levels in RI‑T cells to levels comparable with those in RI‑T 
cells cultured in RPMI medium. To compare the effects of 
DMEM and RPMI on SESN2 and ATF4 mRNA levels in 

Table I. Primer sequences used in reverse transcription‑quantitative PCR.

Gene name	 Primer sequence (5'‑3')	 Species

β‑actin	 F: AGCCATGTACGTAGCCATCC	 Rattus norvegicus
	 R: CTCTCAGCTGTGGTGGTGAA	
SESN2	 F: ATCGCCAGTTCTCCTCGTTC	
	 R: TCGGCTACGATCATGGTGTG	
ATF4	 F: CGGCAAGGAGGATGCCTTTT	
	 R: TGTCTGAGGGGGCTCCTTAT	
COL1A1	 F: AAAGGCTGGAGAACGAGGTG	
	 R: CAAGGTCTCCAGGAACACCC	
ASNS	 F: CGATGAAGATTGCGCACAGG	
	 R: GATGGTTTTCTCGATGCCGC	
β‑actin	 F: AGCCATGTACGTAGCCATCC	 Mus musculus
	 R: CTCTCAGCTGTGGTGGTGAA	
SESN2	 F: ACTGCGTCTTTGGCATCA	
	 R: CATCCTACGGGTCGTCTTCT	
ATF4	 F: GAATGGCCGGCTATGGATGA	
	 R: TCTGGCATGGTTTCCAGGTC	
ASNS	 F: CCTGGACTCGAGCTTGGTTG	
	 R: GATCACCACGCTGTCTGTGTT	
β‑actin	 F: GTCACCAACTGGGACGACAT	 Homo sapiens
	 R: GAGGCGTACAGGGATAGCAC	
SESN2	 F: GCTGTTGCCCGAATCCTAGT	
	 R: ATGTGACCAGCAAAGGCTCA	
ATF4	 F: CTTGATGTCCCCCTTCGACC	
	 R: CTTGTCGCTGGAGAACCCAT	
ASNS	 F: GCTGCTAGAAAGGTGGCAGA	
	 R: ACCATGGGCAGCAGTAGTTC	

ASNS, asparagine synthetase; ATF4, activating transcription factor 4; COL1A1, collagen type  I α1 chain; SESN2, Sestrin 2; F, forward; 
R, reverse.
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RI‑T cells, SESN2 mRNA levels were measured. SESN2 
mRNA levels were significantly higher in RI‑T cells cultured 
in DMEM compared with those in RPMI‑1640 (DMEM, 
1±0.07; RPMI‑1640, 0.1±0.01) (Fig.  1A). Similarly, ATF4 
mRNA levels were also elevated in DMEM‑treated RI‑T 
cells (DMEM, 1.00±0.06; RPMI‑1640, 0.23±0) (Fig.  1B). 
When 4AAs were added to DMEM, SESN2 mRNA levels 
decreased significantly (DMEM, 1±0.04; DMEM + 4AAs, 
0.12±0) (Fig. 1C), as did ATF4 mRNA levels (DMEM, 1±0.04; 
DMEM + 4AAs, 0.35±0.01) (Fig. 1D) These results indicated 
that 4AAs contribute to the reduction of SESN2 and ATF4 
mRNA levels.

Asn and Pro downregulate SESN2 mRNA levels in RI‑T cells 
cultured in DMEM. To identify the specific amino acids 
responsible for the reducing SESN2 mRNA levels, individual 
amino acids were removed from the 4AA mixture. The addi‑
tion of 4AAs significantly decreased the SESN2 mRNA levels. 
When Asn was removed, SESN2 mRNA levels were restored 
to their original levels, while Pro removal partially reversed 
the reduction. By contrast, the removal of Asp or Glu had no 
significant effect on SESN2 mRNA suppression [DMEM, 
1±0.02; 4AAs, 0.07±0.01, Asp (‑), 0.07±0; Asn (‑), 1.01±0.09; 
Glu (‑), 0.08±0; Pro (‑), 0.42±0.01] (Fig. 2A). Furthermore, the 
addition of both Asn and Pro to DMEM completely suppressed 
SESN2 mRNA levels, similar to the effect of f 4AAs. However, 
when added individually, Asn and Pro reduced SESN2 mRNA 
levels by 58 and 22%, respectively (DMEM, 1.01±0; 4AAs, 
0.1±0.02; Asn + Pro, 0.06±0; Asn, 0.42±0.01; Pro, 0.78±0.04) 
(Fig. 2B).

Asn and Pro downregulate ATF4 and ASNS mRNA levels in 
RI‑T cells. To confirm the involvement of ASNS in SESN2 
mRNA reduction following Asn and/or Pro addition, ASNS 
mRNA levels were examined. The addition of 4AAs or a 
combination of Asn and Pro to DMEM almost completely 
decreased ASNS mRNA levels. Asn alone reduced ASNS 
mRNA levels by 63%, whereas Pro had no significant effect 
(DMEM, 1±0.04; 4AAs, 0.03±0, Asn + Pro, 0.02±0; Asn, 
0.37±0.01; Pro, 1.06±0.02) (Fig. 3A). The inhibitory effects 
of Asn and Pro on ATF4 mRNA levels were similar to their 
effects on ASNS mRNA levels. ATF4 and ASNS mRNA 
levels were significantly suppressed only when both Asn and 
Pro were present (DMEM, 1±0.02; 4AAs, 0.24±0, Asn + Pro, 
0.21±0.01; Asn, 0.65±0.01; Pro, 0.92±0.01) (Fig. 3B).

Effects of 4AAs on SESN2, ATF4 and ASNS mRNA levels 
in other cell lines. To determine whether the effect of 4AAs 
on SESN2 and ATF4 mRNA levels was specific to RI‑T 
cells, similar experiments were conducted on C2C12, GH3 
and HepG2 cells. In C2C12 cells, the addition of 4AAs to 
DMEM had no significant effect on SESN2 or ATF4 mRNA 
levels (SESN2: DMEM, 1±0.03; DMEM + 4AAs, 0.94±0.02; 
ATF4: DMEM, 1±0.02; DMEM + 4AAs, 0.97±0.03) (Fig. 4A). 
Similarly, in GH3 cells, SESN2 and ATF4 mRNA levels 

Table II. Sense and antisense sequences for small interfering RNAs.

Target gene	 Sequence (5'‑3')	 Species

ATF4	 Sense: UCUUUUUCAGCUUCUUAUCCA	 Rattus norvegicus
	 Antisense: GAUAAGAAGCUGAAAAAGAUG	
SESN2	 Sense: AUAUCUGAUACCAAAGACGCA	
	 Antisense: CGUCUUUGGUAUCAGAUAUGA	
Control	 Sense: UUCUCCGAACGUGUCACGUdTdT	
	 Antisense: ACGUGACACGUUCGGAGAAdTdT	

ATF4, activating transcription factor 4; SESN2, Sestrin 2.

Figure 1. Addition of Asp, Asn, Glu and Pro (4AAs), which are deficient 
in DMEM, reduces SESN2 and ATF4 mRNA levels in RI‑T cells to levels 
comparable with those in RPMI‑1640 medium‑cultured RI‑T cells. RI‑T cells 
were cultured in DMEM or RPMI medium for 5 h, after which total RNA 
was isolated. (A) SESN2 and (B) ATF4 mRNA levels were analyzed using 
RT‑qPCR. To examine the effect of 4AAs (Asp, Asn, Glu and Pro) on SESN2 
and ATF4 mRNA levels, RI‑T cells cultured in DMEM were treated with 
4AAs for 5 h and total RNA was isolated from the cells. (C) SESN2 and 
(D) ATF4 mRNA levels were analyzed using RT‑qPCR (n=6 per treatment 
group). Statistical differences were determined using Student's t‑test. #P<0.05 
vs. DMEM. Asp, aspartic acid; Asn, asparagine; Glu, glutamic acid; Pro, 
proline; DMEM, Dulbecco's modified Eagle's medium; SESN2, sestrin 2; 
ATF4, activating transcription factor 4; SESN2, sestrin 2; RT‑qPCR, reverse 
transcription‑quantitative PCR.
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remained unchanged with 4AA supplementation (SESN2: 
DMEM, 1±0.04; DMEM + 4AAs, 1.06±0.03, ATF4: 
DMEM, 1±0.01; DMEM + 4AAs, 0.98±0.01) (Fig. 4B). The 
same trend was observed in HepG2 cells (SESN2: DMEM, 
1±0.01; DMEM + 4AAs, 0.97±0.03; ATF4: DMEM, 1±0.04; 
DMEM + 4AAs, 0.95±0.03) (Fig. 4C). Additionally, ASNS 
mRNA levels in RI‑T cells were significantly lower than 
those in GH3, HepG2 and C2C12 cells (RI‑T, 1±0.04; GH3, 
52.8±1.64; HepG2, 8.64±0.48; C2C12, 2.88±0.11) (Fig. 4D).

Effects of ATF4 siRNA on ATF4, SESN2 and COL1A1 mRNA 
levels in RI‑T cells. To investigate the role of ATF4 in regu‑
lating SESN2 mRNA levels in RI‑T cells, ATF4 siRNA was 
used. ATF4 siRNA significantly reduced SESN2 mRNA levels 
in RI‑T cells cultured in DMEM without AP (control: DMEM, 
1.01±0.08; DMEM + AP, 0.06±0; ATF4 siRNA: DMEM, 
0.33±0.02; DMEM + AP, 0.04±0.01) (Fig.  5A). Similarly, 
ATF4 mRNA levels were also reduced by ATF4 siRNA 
(control: DMEM, 1.01±0.06; DMEM + AP, 0.18±0; ATF4 

Figure 2. Both Asn and Pro are required to fully reduce SESN2 mRNA levels in RI‑T cells. (A) RI‑T cells cultured in Dulbecco's modified Eagle's medium 
were treated with either a combination of Asp, Asn, Glu and Pro (4AAs) or with 4AAs lacking one specific amino acid for 5 h, followed by total RNA isola‑
tion. SESN2 mRNA levels were analyzed by RT‑qPCR. The removal of Asp or Glu from 4AAs did not alter the suppression of SESN2 expression, indicating 
that these amino acids are not essential for this effect (n=6 per treatment group). Statistical differences were determined using ANOVA followed by the 
Tukey‑Kramer test. #P<0.05 vs. 4AAs (‑); +P<0.05 vs. Asn (‑). (B) RI‑T cells were treated with Asn, Pro, or a combination of both for 5 h, and total RNA was 
isolated from the cells. SESN2 mRNA levels were determined by RT‑qPCR. Neither Asn nor Pro alone was sufficient to suppress SESN2 mRNA levels. Both 
Asn and Pro were required (n=6 per treatment group). Statistical differences were determined using ANOVA followed by the Tukey‑Kramer test. #P<0.05 vs. 
4AAs (‑); ‡P<0.05 vs. Asn + Pro; §P<0.05 vs. Asn. Asn, asparagine; Pro, proline; SESN2, sestrin 2; RT‑qPCR, reverse transcription‑quantitative PCR.

Figure 3. Both Asn and Pro are required to reduce ASNS and ATF4 mRNA levels in RI‑T cells. RI‑T cells cultured in Dulbecco's modified Eagle's medium 
were treated with Asp, Asn, Glu, Pro, or a combination of these amino acids for 5 h, and total RNA was isolated from the cells. (A) ASNS and (B) ATF4 mRNA 
levels were analyzed using reverse transcription‑quantitative PCR (n=6 per treatment group). Statistical differences were determined using ANOVA followed 
by the Tukey‑Kramer test. #P<0.05 vs. 4AAs (‑); ‡P<0.05 vs. Asn + Pro; §P<0.05 vs. Asn. Asn, asparagine; Pro, proline; ASNS, asparagine synthetase; ATF4, 
activating transcription factor 4; Asp, aspartic acid; Glu, glutamic acid.
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siRNA: DMEM, 0.31±0.01; DMEM + AP, 0.10±0) (Fig. 5B). 
ATF4 siRNA also lowered COL1A1 mRNA levels (control: 
DMEM, 1±0.02; DMEM + AP, 0.89±0.04; ATF4 siRNA: 

DMEM, 0.69±0.03; DMEM + AP, 0.63±0.02). However, the 
effect of ATF4 siRNA on COL1A1 mRNA levels was less 
pronounced than its effect on SESN2 mRNA levels, and AP 

Figure 4. Addition of aspartic acid, asparagine, glutamic acid and proline (4AAs) does not influence SESN2 and ATF4 mRNA levels in C2C12, GH3 and HepG2 
cells, which exhibit higher ASNS mRNA levels than RI‑T cells. (A) C2C12, (B) GH3 and (C) HepG2 cells were treated with 4AAs for 5 h, and total RNA was 
isolated from the cells. SESN2 and ATF4 mRNA levels were analyzed by RT‑qPCR (n=6 per treatment group). Statistical differences were determined using 
Student's t‑test. The addition of 4AAs had no significant effect on SESN2 or ATF4 mRNA levels. (D) ASNS mRNA levels in RI‑T, C2C12, HepG2 and GH3 
cells were determined by RT‑qPCR (n=6 per treatment group). Statistical differences were determined using ANOVA followed by Tukey‑Kramer test. #P<0.05 
vs. RI‑T. ASNS, asparagine synthetase; SESN2, sestrin 2; ATF4, activating transcription factor 4; RT‑qPCR, reverse transcription‑quantitative PCR.

Figure 5. Knockdown of ATF4 by siRNA reduces SESN2 and COL1A1 mRNA levels in RI‑T cells. RI‑T cells were treated with ATF4‑targeting siRNA or 
negative‑control siRNA for 24 h. The medium was then changed to DMEM with or without asparagine + proline (AP), and the cells were incubated for an 
additional 5 h before RNA isolation. (A) ATF4, (B) SESN2 and (C) COL1A1 mRNA levels were analyzed by reverse transcription‑quantitative PCR (n=6 per 
treatment group). Statistical differences were determined using ANOVA followed by Tukey‑Kramer test. #P<0.05 vs. DMEM in control; ‡P<0.05 vs. DMEM in 
ATF4 siRNA; +P<0.05 vs. DMEM + AP in control. ATF4, activating transcription factor; siRNA, small interfering RNA; SESN2, sestrin 2; COL1A1, collagen 
type I α1 chain; DMEM, Dulbecco's modified Eagle's medium.
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supplementation reduced COL1A1 mRNA levels by only 11% 
(Fig. 5C).

Effects of SESN2 siRNA on SESN2 and COL1A1 mRNA 
levels in RI‑T cells. To examine the role of SESN2 in 
regulating of COL1A1 mRNA levels in RI‑T cells, SESN2 
siRNA was used. SESN2 siRNA significantly decreased 
SESN2 mRNA levels in RI‑T cells cultured in DMEM 
without AP (control: DMEM, 1±0.04; DMEM + AP, 0.08±0; 
SESN2 siRNA: DMEM, 0.48±0.01; DMEM + AP, 0.03±0) 
(Fig. 6A). Furthermore, SESN2 siRNA lowered COL1A1 
mRNA levels (control: DMEM, 1±0.03; DMEM + AP, 
1±0.05; SESN2 siRNA: DMEM, 0.63±0.01; DMEM + AP, 
0.61±0.01) (Fig. 6B).

Effects of actinomycin on SESN2 and ATF4 mRNA levels in 
RI‑T cells. To confirm whether ATF4 and SESN2 transcrip‑
tion is involved in amino acid‑mediated changes in mRNA 
levels, actinomycin was used. Actinomycin almost completely 
suppressed SESN2 mRNA expression in RI‑T cells (control: 
DMEM, 1±0.04, DMEM + AP, 0.07±0.03; actinomycin: 
DMEM, 0.01±0; DMEM + AP, 0.01±0), indicating that 
SESN2 mRNA in RI‑T cells was newly synthesized (Fig. 7A). 
Actinomycin also reduced ATF4 mRNA levels in RI‑T 
cells cultured in DMEM. However, in RI‑T cells cultured in 
DMEM + AP, actinomycin had no significant effect on ATF4 
mRNA levels (control: DMEM, 1.01±0.08; DMEM + AP, 
0.24±0.02; actinomycin: DMEM, 0.23±0.01; DMEM + AP, 
0.2±0.01) (Fig. 7B).

Figure 6. SESN2 knockdown by siRNA partially decreases COL1A1 mRNA levels in RI‑T cells. RI‑T cells were treated with SESN2‑targeting siRNA or 
negative‑control siRNA for 24 h. The medium was then changed to DMEM with or without asparagine + proline (AP), followed by an additional 5 h of incuba‑
tion before RNA isolation. (A) SESN2 and (B) COL1A1 mRNA levels were analyzed by reverse transcription‑quantitative PCR (n=6 per treatment group). 
Statistical differences were determined using ANOVA followed by Tukey‑Kramer test. #P<0.05 vs. DMEM in control; ‡P<0.05 vs. DMEM in SESN2 siRNA. 
SESN2, sestrin 2; siRNA, small interfering RNA; COL1A1, collagen type I α1 chain; DMEM, Dulbecco's modified Eagle's medium.

Figure 7. Actinomycin decreases SESN2 and ATF4 mRNA levels in RI‑T cells. RI‑T cells were treated with asparagine + proline (AP) in the presence or absence 
of actinomycin for 5 h, and total RNA was isolated from the cells. (A) SESN2 and (B) ATF4 mRNA levels were analyzed by reverse transcription‑quantitative 
PCR (n=6 per treatment group). Statistical differences were determined using ANOVA, followed by Tukey‑Kramer test. #P<0.05 vs. DMEM in control. SESN2, 
sestrin 2; ATF4, activating transcription factor 4; DMEM, Dulbecco's modified Eagle's medium.
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Effects of AP on COL1A1, SESN2 and ATF4 mRNA levels in 
RI‑T cells cultured in DMEM for 5 h or 48 h with FBS. The addi‑
tion of AP significantly decreased SESN2 mRNA levels in RI‑T 
cells (5 h: DMEM, 1±0.05; DMEM + AP, 0.05±0; 48 h: DMEM, 

0.4±0.04; DMEM + AP, 0.09±0.01) (Fig. 8A). The response 
of ATF4 mRNA to AP was similar to that of SESN2 mRNA 
(5 h: DMEM, 1±0.04; DMEM + AP, 0.17±0.02; 48 h: DMEM, 
0.65±0.09; DMEM + AP, 0.15±0.01) (Fig. 8B). The experiment 

Figure 8. Addition of asparagine and proline (AP) increases COL1A1 mRNA levels while reducing SESN2 and ATF4 mRNA levels in RI‑T cells cultured in 
DMEM containing FBS for 48 h. RI‑T cells were treated with AP in the presence of FBS for 5 or 48 h, and total RNA was isolated from the cells. (A) SESN2, 
(B) ATF4 and (C) COL1A1 mRNA levels were analyzed using reverse transcription‑quantitative PCR (n=6 per treatment group). Statistical differences were 
determined using ANOVA followed by Tukey‑Kramer test. #P<0.05 vs. DMEM, 5 h; §P<0.05 vs. DMEM, 48 h; +P<0.05 vs. DMEM + AP, 5 h. COL1A1, 
collagen type I α1 chain; SESN2, sestrin 2; ATF4, activating transcription factor 4; DMEM, Dulbecco's modified Eagle's medium; FBS, fetal bovine serum.

Figure 9. Addition of Asn and Pro (AP) promotes RI‑T cell proliferation and increases collagen type I protein levels cultured in DMEM with FBS. RI‑T cells 
were treated with AP in the presence of FBS for 24 h. (A) After incubation, COL1A1 and COL1A2 protein levels were analyzed using western blotting; and 
(B) cell proliferation was assessed using the Cell Counting Kit‑8 assay. Representative images of cells treated with or without AP for 24 h are shown. n=6 
per treatment group. Statistical differences were determined using Student's t‑test. #P<0.05 vs. DMEM. Asn, asparagine; Pro, proline; DMEM, Dulbecco's 
modified Eagle's medium; FBS, fetal bovine serum; COL1A1, collagen type I α1 chain; COL1A2, collagen type Iα 2.



BIOMEDICAL REPORTS  22:  93,  2025 9

was conducted in the presence of FBS, and the inhibitory effects 
of AP on SESN2 and ATF4 mRNA levels were observed irre‑
spective of FBS. Although AP supplementation did not affect 
COL1A1 mRNA levels in RI‑T cells cultured in DMEM for 5 h, 
it significantly increased COL1A1 mRNA levels after 48 h of 
culture (5 h: DMEM, 1±0.04; DMEM + AP, 1.02±0.06; 48 h: 
DMEM, 0.71±0.05; DMEM + AP, 1.36±0.1) (Fig. 8C).

Effects of AP on COL1A1 protein levels in RI‑T cells and 
their proliferation. The addition of AP increased the COL1A1 
and COL1A2 protein levels in RI‑T cells cultured in DMEM 
with FBS for 24 h (COL1A1: DMEM, 0.05±0.01; DMEM + 
AP, 0.09±0.01. COL1A2: DMEM, 0.8±0.07; DMEM + AP, 
1.06±0.04) (Fig. 9A). Moreover, in the presence of FBS, AP 
supplementation promoted RI‑T cell proliferation after 24 h of 
incubation (control, 0.07±0; AP, 0.24±0.01) (Fig. 9B).

Discussion

The present study revealed that supplementation of AP to 
DMEM resulted in a reduction in the mRNA levels of ATF4 
and SESN2 in RI‑T cells after 5 h of culture. These findings 
suggest that although AP is a non‑essential amino acid, its 
levels in RI‑T cells may be insufficient. A deficiency in extra‑
cellular AP induces a state of relative amino acid deprivation, 
which can be mitigated by AP supplementation. Additionally, 
AP supplementation slightly decreased COL1A1 mRNA levels. 
In long‑term cultures, AP supplementation similarly reduced 
ATF4 and SESN2 mRNA levels, consistent with the short‑term 
results. However, unlike in short‑term cultures, both mRNA 
and protein levels of COL1A1 increased over time.

SESN2 typically increases in response to various stress 
factors and plays a protective role against cell damage (26). 
Amino acid deprivation increases ATF4 expression, which 
in turn, leads to increased SESN2 expression as part of a 
cellular stress response  (27). RI‑T cells were cultured in 
RPMI‑1640 medium (22) or DMEM (23). Compared with 
RPMI‑1640 medium, DMEM lacks 4AAs, and RI‑T cells 
cultured in DMEM exhibited significantly higher ATF4 and 
SESN2 mRNA levels than those in RPMI medium (Fig. 1). 
Therefore, the study focused on 4AAs and it was found that AP 
supplementation reduced SESN2 and ATF4 mRNA levels in 
RI‑T cells within 5 h of culture. Although AP is a non‑essen‑
tial amino acid, its addition to DMEM may alleviate amino 
acid deprivation stress in RI‑T cells. Knockdown of ATF4 
using siRNA reduced SESN2 and COL1A1 mRNA levels 
(Fig. 5), while knockdown of SESN2 also led to a decrease 
in COL1A1 mRNA levels (Fig. 6). These findings suggested 
that the absence of AP is a type of amino acid deprivation in 
RI‑T cells. Furthermore, AP supplementation reduced ATF4 
mRNA levels to a similar extent as Actinomycin, an RNA 
synthesis inhibitor, suggesting that AP affects transcription. 
Additionally, these results indicate that ATF4 and SESN2 
contribute to COL1A1 expression. However, while AP mark‑
edly reduced SESN2 mRNA levels, its effect on COL1A1 
mRNA levels was modest. Specifically, ATF4 and SESN2 
knockdown decreased COL1A1 mRNA levels by 31 and 
37%, respectively, whereas AP supplementation reduced 
COL1A1 mRNA levels by at most 11% (Figs. 5 and 6). These 
results suggested that AP may regulate COL1A1 expression 

through both SESN2‑dependent and SESN2‑independent 
pathways.

In RI‑T cells, both Asn and Pro were required to reduce 
SESN2 mRNA levels. When Asn or Pro was individually 
removed from 4AA, the ability of 4AA to suppress SESN2 
mRNA levels was either completely or partially lost, respectively. 
This indicates that Asn is essential for the suppression of SESN2 
mRNA levels (Fig. 2A). However, Asn alone reduced SESN2 
mRNA levels by only 58%, and Pro alone by only 22%, whereas 
supplementation with both Asn and Pro completely suppressed 
SESN2 mRNA levels (Fig. 2B). These results suggest that Asn 
and Pro act synergistically to downregulate SESN2 expression. 
Asn is a non‑essential amino acid synthesized intracellularly 
by ASNS but can also be transported from the extracellular 
environment. Some cell types with low extracellular Asn levels 
depend heavily on ASNS (28). To investigate this further, ASNS 
mRNA levels were examined in RI‑T cells and were compared 
to those in C2C12, GH3 and HepG2 cells. ASNS mRNA levels 
in RI‑T cells were lower than those in C2C12, GH3 and HepG2 
cells (Fig. 4). Consistently, supplementation with 4AAs reduced 
ATF4 mRNA levels in RI‑T cells but had no effect on C2C12, 
GH3, or HepG2 cells. These findings suggest that RI‑T cells 
may rely on extracellular Asn for maintaining cellular function. 
The precise role of Pro is unclear; however, our data showed 
that Pro decreased ATF4 mRNA levels (Fig. 3B), consistent 
with previous findings that Pro downregulates ATF4 expression 
in stem cells (29). Since ATF4 stimulates SESN2 expression, 
Pro may indirectly reduce SESN2 mRNA levels in RI‑T cells by 
decreasing ATF4 expression.

Amino acids influence HSC function, including collagen 
production and cell proliferation (27,30,31). It was investigated 
whether AP affects COL1A1 mRNA and protein levels as well 
as the proliferation of RI‑T cells. Since long‑term cultures 
without serum may not sustain adequate cell function, 10% 
FBS was added to the medium in these experiments (Figs. 8 
and 9). Consistent with the short‑term results, AP supplemen‑
tation in the presence of FBS decreased SESN2 and ATF4 
mRNA levels after both 5 and 48‑h treatments. These findings 
suggest that DMEM, which lacks AP, induces amino acid 
deprivation stress in RI‑T cells, even in the presence of FBS, 
leading to the induction of ATF4 and SESN2. By contrast, AP 
supplementation increased COL1A1 mRNA levels after 48 h 
of treatment and COL1A1 protein levels after 24 h with the cell 
proliferation. Since activation of the ATF4/SESN2 pathway 
inhibits anabolic reactions and cell proliferation  (9), our 
results suggest that AP alleviated this stress response, thereby 
promoting RI‑T cell proliferation. This favorable environ‑
ment may have enhanced COL1A1 synthesis, a characteristic 
function of HSCs.

SESN2 is abnormally expressed in liver diseases including 
fibrosis, and its expression level is associated with disease 
progression. This increase in SESN2 expression is considered 
an adaptive mechanism that reduces liver fibrosis. SESN2 
overexpression reduces COL1A1 expression in HSC‑T6 cells 
and mitigates carbon tetrachloride‑induced liver fibrosis in 
mice  (11,26,32). However, our findings contrast with these 
observations, as SESN2 siRNA reduced COL1A1 mRNA levels 
in short‑term cultures. To the best of the authors' knowledge, this 
is the first study to demonstrate that SESN2 enhances COL1A1 
expression. This discrepancy may stem from differences 
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between activated HSCs, which are influenced by excess cyto‑
kines in liver diseases, and quiescent (inactivated) HSCs.

In summary, Asn was essential for suppressing SESN2 
mRNA levels in RI‑T cells cultured in DMEM. While Pro 
alone had a weaker suppressive effect, it enhanced the effect 
of Asn when combined. In short‑term cultures, supplementa‑
tion with both Asn and Pro completely suppressed SESN2 
and ATF4 mRNA levels while having a minimal effect on 
COL1A1 mRNA levels. However, knockdown of SESN2 or 
ATF4 resulted in a more substantial reduction in COL1A1 
mRNA levels than the supplementation with both Asn and Pro. 
These results suggest that SESN2, which is induced by amino 
acid insufficiency, contributes to the upregulation of COL1A1 
mRNA levels. This COL1A1‑inducing effect of SESN2 was in 
contrast to the inhibitory effect of SESN2 on activated HSCs. 
Additionally, Asn and Pro increased COL1A1 mRNA levels 
through pathways independent of SESN2. A limitation of the 
present study is that the effects of Asn and Pro were observed 
only in HSC lines. It remains unknown whether HSCs in vivo 
have low ASNS activity. The authors plan to confirm the AP 
effect in normal rat HSCs, which are collected from normal rats. 
Further studies are needed to elucidate the amino acid‑mediated 
regulatory mechanisms of COL1A1 production in vivo.
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