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Obesity remains a global health challenge, and novel small-molecule modulators of adipogenesis are

urgently needed. Here, we investigated the anti-adipogenic potential of metabolites isolated from

termite-associated Streptomyces sp. M45. Chemical investigation of the extract from cultured

Streptomyces sp. M45 led to the isolation of six metabolites (1–6). Structures were determined as 2-acet-

amido-3-hydroxybenzoic acid (1), N-acetyltyramine (2), deoxyuridine (3), cyclo(L-Pro-L-Leu) (4), cyclo(L-

Pro-D-Leu) (5), and cyclo(L-Pro-L-Phe) (6) via comprehensive analysis of nuclear magnetic resonance

(NMR) spectroscopy and liquid chromatography–mass spectrometry (LC–MS) data. Notably, the structure

of the anthranilic acid derivative, 2-acetamido-3-hydroxybenzoic acid (1), was fully elucidated by 1D and

2D NMR, high-resolution electrospray ionization mass spectrometry (HR-ESIMS), and DP4+ probability

calculations, allowing us to correct previously reported 1H NMR resonances and to assign 13C NMR

signals for the first time. Compounds 1–6 were evaluated for anti-adipogenic activity in differentiated

3T3-L1 cells by assessing lipid accumulation and the expression of adipogenic transcription factors (C/

EBPα, C/EBPβ, and SREBP2). Among these, N-acetyltyramine (2) significantly inhibited adipocyte differen-

tiation without impairing cell viability. Mechanistically, compound 2 downregulated the expression of key

adipogenic genes including C/EBPα, SREBP2, FASN, UCP2, and leptin. These findings substantiate its

potential as a modulator of obesity-related pathways in 3T3-L1 adipocytes.

Introduction

Obesity is a multifactorial disorder that both accompanies and
precipitates components of metabolic syndrome, including type
2 diabetes mellitus, hypertension, cardiovascular disease, and
rheumatic conditions.1 It arises when caloric intake exceeds
expenditure, leading to adipose tissue expansion via adipocyte
hypertrophy (increased cell volume) and hyperplasia (increased

cell number).2,3 Adipogenesis in mammals—the combined pro-
cesses of hypertrophy and hyperplasia—reflects the differen-
tiation of preadipocytes into mature adipocytes and is orche-
strated primarily by the transcription factors peroxisome prolif-
erator-activated receptor γ (PPARγ) and CCAAT/enhancer-binding
protein α (C/EBPα).4,5 PPARγ governs lipid storage and mobiliz-
ation,6 whereas C/EBPα directly activates genes required for adi-
pocyte differentiation and maintenance of metabolic homeosta-
sis.3 Lipid synthesis and uptake are further regulated by sterol
regulatory element-binding proteins (SREBPs), of which three
isoforms exist—SREBP-1a, SREBP-1c, and SREBP-2.7 SREBP-1
predominantly drives fatty acid biosynthesis, while SREBP-2 pro-
motes cholesterol synthesis; dysregulation of these pathways is
implicated in obesity development.8 Fatty acid synthase (FAS) cat-
alyzes de novo fatty acid production and plays a critical role in
energy balance and body-weight regulation.9,10 Consequently,
FAS inhibitors are being evaluated as therapeutic agents for
obesity, type 2 diabetes, and certain cancers.11 Moreover, uncou-
pling proteins UCP2 and UCP3 are integral to lipid metabolism:
UCP2-deficient mice fed a high-fat diet exhibit resistance to
obesity and maintain a relatively lean phenotype.12,13

Ecology-driven chemical analyses of microbial symbionts,
combined with LC–MS–based dereplication strategies, have†These authors contributed equally to this study.
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markedly advanced natural product chemistry and yielded un-
precedented rates of novel bioactive compound discovery.14–16

Metabolomic studies of symbionts involved in insect farming
have further illuminated the molecular mechanisms underlying
symbiotic stability, as well as the biosynthetic pathways respon-
sible for producing antibacterial metabolites.17–20 Notably,
Actinobacteria, including members of the genus Streptomyces,
have repeatedly emerged as crucial indirect defensive partners
within insect agricultural systems,21,22 showing potent antifun-
gal activity against co-occurring fungi.21

Streptomyces species exhibit remarkable diversity in their
morphology, physiology, and biochemical capabilities.23,24 They
are especially renowned for producing a vast range of bioactive
metabolites—including antibiotics, anticancer agents, enzyme
inhibitors, and pigments—and account for the majority of the
more than 5000 microbial antibiotics identified since the dis-
covery of penicillin.25 For example, streptomycin from S. griseus
remains a cornerstone of tuberculosis therapy and its biosyn-
thetic genes (str) have been extensively studied,26 while monen-
sin from S. cinnamonensis exhibits antibacterial, antiparasitic,
and antiproliferative activities.27 Despite this wealth of second-
ary chemistry, few studies have explored the anti-adipogenic
potential of Streptomyces-derived metabolites. Emerging evi-
dence suggests certain antibiotics may suppress adipogenesis,
offering novel interventions for obesity and diabetes.28,29 For
instance, cineromycin B inhibits 3T3-L1 differentiation via early
upregulation of negative regulators KLF2 and KLF3,28 and echi-
nomycin—a hypoxia-inducible factor-1 inhibitor—blocks adipo-
genesis by disrupting mitotic clonal expansion.29 These findings
highlight the potential of insect-derived Streptomyces as a valu-
able source of anti-adipogenic compounds.

In our quest to discover novel bioactive metabolites from
intriguing natural sources,30–35 we examined potential bio-
active metabolites from Streptomyces sp. M45 associated with
the fungus-farming termite genus Odontotermes. Using succes-
sive column chromatography and preparative HPLC, guided by
LC–MS analysis, we isolated six metabolites (1–6) from the
extract from cultured Streptomyces sp. M45, including an
anthranilic acid derivative (1) whose complete spectroscopic
characterization had not been previously reported. In this
study, we fully elucidated the structure of compound 1 by 1D
and 2D NMR, high-resolution ESI-MS, and DP4+ probability
calculations. All six metabolites were then evaluated for anti-
adipogenic activity in differentiated 3T3-L1 cells by measuring
lipid accumulation and impact on the expression of key adipo-
genic transcription factors (C/EBPα, C/EBPβ, and SREBP2).
Herein, we report the isolation, structural characterization,
and anti-adipogenic evaluation of compounds 1–6.

Results and discussion
Isolation of natural products

The methanolic solid phase extract of cultured Streptomyces
sp. M45 (ISP2 medium, 3L) was partitioned successively with
n-hexane, CH2Cl2, EtOAc, and n-BuOH to afford four polarity-

graded fractions. Detailed chemical investigations of the
CH2Cl2, EtOAc, and n-BuOH fractions were performed using
reversed-phase C18 silica gel column chromatography, together
with preparative and semi-preparative HPLC, all guided by LC/
MS analysis. These efforts culminated in the isolation and
structural characterization of six metabolites (1–6) (Fig. 1).

Structural elucidation of compounds 1–6

Compound 1 was obtained as a white amorphous powder. Its
molecular formula, C9H9NO4, was established by HR-ESIMS in
positive–ion mode, which exhibited an [M + H]+ ion at m/z
196.0597 (calcd for C9H10NO4, 196.0604) (Fig. S2). The formula
corresponds to six degrees of unsaturation. The 1H NMR spec-
trum (Table 1) revealed signals characteristic of a 1,2,3-trisub-
stituted benzene ring: δH 7.05 (1H, d, J = 8.0 Hz, H-4), 7.13
(1H, dd, J = 8.0, 7.5 Hz, H-5), and 7.53 (1H, d, J = 7.5 Hz, H-6),
together with a methyl singlet at δH 2.23 (3H, s, H-9). The 13C
NMR and HSQC spectra confirmed three aromatic carbons (δC
121.4, 122.1, 125.4) and one methyl carbon (δC 22.1). These
data closely match those reported for 2-acetamino-3-hydroxy-
benzoic acid isolated from Aspergillus sp., except for a slight
variation in the nitrogen substituent.36 Key 1H–1H COSY corre-
lations among H-4, H-5, and H-6 corroborated the 1,2,3-trisub-
stitution pattern. HMBC correlations of H-5/C-1 (δC 126.1) and

Fig. 1 Chemical structures of isolated compounds 1–6.

Table 1 1H (850 MHz) and 13C NMR (212.5 MHz) data of compound 1 in
CD3OD (δ ppm)

Position δC
a, type δH, ( J in Hz)

1 126.1, C
2 126.4, C
3 149.8, C
4 121.4, CH 7.05, d (8.0)
5 125.4, CH 7.13, dd (8.0, 7.5)
6 122.1, CH 7.53, d (7.5)
7 171.1, C
8 171.5, C
9 22.1, CH3 2.23, s

a 13C NMR data were measured and assigned based on the HSQC and
HMBC experiments.
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H-6/C-1, H-6/C-7 (δC 171.1) confirmed a meta-positioned car-
boxylic acid relative to H-6, while H-9/C-8 (δC 171.5) estab-
lished an acetyl moiety. The molecular formula (C9H9NO4)
requires two additional heteroatom substituents (–OH and
–NH–), one of which is acetylated. HMBC cross-peaks H-4/C-3
(δC 149.8) and H-5/C-3 indicate an electron-withdrawing substi-
tuent (hydroxyl or amino) at C-3, and further HMBC corre-
lations H-4/C-2 (δC 126.4) and H-6/C-2 localize the acetylated
group at C-2 (Fig. 2). Thus, two structural isomers were con-
sidered: 2-acetamido-3-hydroxybenzoic acid (1A) and 2-acety-
loxy-3-aminobenzoic acid (1B). Conventional 1D and 2D NMR
analysis could not unambiguously distinguish these isomers
due to their closely similar chemical shifts. Moreover, pre-
viously reported 1H NMR data for 1A differ from our obser-
vations, and 13C NMR assignments for 1A have not been pre-
viously disclosed.36,37 To distinguish between isomers 1A and
1B and confirm the positions of the functional groups in com-
pound 1, we performed NMR chemical shift calculations for
both isomers. Using DP4+ probability analysis, the computed
1H and 13C chemical shifts for each isomer were compared
with the experimental data for compound 1. The DP4+ results
unambiguously identified compound 1 as isomer 1A—with
the N-acetylamine at C-2 and the hydroxyl at C-3—at 100.0%
probability (Fig. 2). In addition, linear regression of experi-
mental versus calculated 13C shifts yielded an R2 of 0.9863 for
1A (Fig. 3), compared to 0.9754 for 1B, further confirming the
accuracy of the 1A assignment determined by DP4+ analysis.

To further support the structural assignment of compound
1, we considered its biosynthetic origin. The tryptophan-to-qui-
nolinic acid pathway is well characterized in Streptomyces
species, in which 3-hydroxyanthranilic acid, the deacetylated
core of compound 1, is a key intermediate.38 Moreover,
N-acetylation is a common bacterial modification, frequently
observed in Streptomyces.39 From this biosynthetic perspective,
compound 1 is more plausibly an anthranilic acid derivative
featuring an amide bond than a salicylic acid derivative with
an ester linkage. Consequently, the structure of compound 1
was fully elucidated and confirmed as 2-acetamido-3-hydroxy-
benzoic acid (Fig. 1). To the best of our knowledge, this study
provides the first complete 13C NMR assignments for this com-
pound. This compound represents one of several anthranilic
acid derivatives produced by Streptomyces sp.40,41

The remaining isolates were identified as N-acetyltyramine
(2),42 deoxyuridine (3),42 cyclo(L-Pro-L-Leu) (4),43 cyclo(L-Pro-D-
Leu) (5),44 and cyclo(L-Pro-L-Phe) (6)43 (Fig. 1). Their chemical
structures were elucidated by comparison of their 1H NMR
spectra with previously reported data and LC/MS analysis
(Fig. S7-S16).

Evaluation of anti-adipogenic potential of compounds 1–6

To assess the anti-adipogenic potential of compounds 1–6 in
differentiated 3T3-L1 cells, we first evaluated their cytotoxicity
using the EZ-Cytox assay. Cells were treated with each com-
pound at 1, 50, and 100 µM for 72 h. As shown in Fig. 4, none
of the compounds exhibited significant toxicity at concen-
trations up to 50 µM relative to untreated controls.

Next, we evaluated the effects of compounds 1–6 on lipid
droplet formation during 3T3-L1 differentiation. Differentiated
cells were fixed with 10% formalin and stained with Oil Red O
to visualize intracellular lipids. As illustrated in Fig. 5, treat-
ment with compounds 1–6 (1, 50, and 100 µM) attenuated
lipid accumulation in a concentration-dependent manner.
Notably, compounds 1, 2, and 6 produced significant

Fig. 2 (A) Key COSY (blue bold) and HMBC (red arrow) correlations for
1 (B) DP4+ analysis and probability scores for 1A/1B.

Fig. 4 Effect of compounds 1–6 on cell viability in 3T3-L1 cells. The
cells were treated with 0, 1, 50, and 100 µM concentration. Data are pre-
sented as mean ± SD (n = 5). Significant differences by Student’s t-test
(*p < 0.05 vs. untreated 3T3-L1 cells).

Fig. 3 Regression analysis of experimental versus calculated 13C NMR
chemical shift of 1A/1B with linear fitting shown as a line.
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reductions in Oil Red O staining at 50 and 100 µM, whereas
compounds 3–5 showed minimal activity. Based on these
results, compound 2 was identified as the most potent inhibi-
tor of adipocyte lipid accumulation and was selected for
further studies on adipogenic differentiation and the regu-
lation of lipogenic gene expression.

To quantify the impact of compound 2 (50 and 100 µM) on
adipogenic regulators and lipogenesis-related genes in differ-
entiated 3T3-L1 adipocytes, we measured mRNA expression by
qRT-PCR (Fig. 6). Treatment with compound 2 significantly
decreased the transcript level of the master adipogenic tran-
scription factor C/EBPα compared with untreated controls.
Furthermore, mRNA levels of SREBP2, FASN, and UCP2—key
regulators of lipid synthesis and metabolism—were markedly
reduced at both 50 and 100 µM of compound 2, with the great-
est inhibition observed at 50 µM. We also evaluated leptin, an
adipokine critical for energy homeostasis, and found its

expression to be significantly downregulated by compound 2
relative to control cells. Collectively, these results indicate that
compound 2 inhibits adipocyte differentiation by down-regu-
lating adipocyte-specific genes, including C/EBPα, SREBP2,
FASN, UCP2, and leptin.

3T3-L1 preadipocytes are a well–established in vitro model
for elucidating the molecular mechanisms of adipogenesis
and adipocyte dysfunction in obesity research.45 Upon hormo-
nal induction, these cells undergo lipid-droplet accumulation
and upregulate adipogenic transcription factors such as C/
EBP-α, SREBP, and PPAR-γ.46,47 We therefore employed the
3T3-L1 system to screen six compounds for anti-adipogenic
activity. All the isolated compounds (≤100 µM) exhibited no
significant cytotoxicity in 3T3-L1 cells; indeed, several treat-
ments modestly increased cell viability, suggesting proliferative
effects (Fig. 4). Oil Red O staining of differentiated cells
demonstrated that compounds 1–6 (50 and 100 µM) reduced
both adipocyte size and lipid deposition, with compound 2
showing the most pronounced inhibition of lipid droplet for-
mation. Given its superior activity, compound 2 was selected
for further investigation into its molecular mechanism. During
adipogenesis, C/EBP-α functions at the early stage to drive
lipid accumulation.48,49 The treatment of compound 2 mark-
edly downregulated C/EBP-α mRNA, correlating with the
reduction in lipid content. Downstream of C/EBP-α, enzymes
and regulators of lipogenesis—such as FASN and SREBP2—
play critical roles in fatty acid and cholesterol biosynthesis.50,51

Compound 2 significantly suppressed FASN and SREBP2
expression, indicating interference with both fatty acid syn-
thesis and cholesterol homeostasis. Uncoupling protein 2
(UCP2) modulates mitochondrial fatty acid oxidation and has
been implicated in obesity, as UCP2-deficient mice resist
high–fat–diet–induced weight gain.13,52 Consistent with these
reports, compound 2 markedly reduced UCP2 mRNA in differ-
entiated adipocytes. Furthermore, compound 2 decreased
leptin expression—a key adipokine upregulated during adipo-
cyte maturation and insulin stimulation53,54—thereby poten-
tially impacting energy homeostasis.

To date, no studies have directly examined the anti–adipo-
genic activity of N-acetyltyramine (2). Previously,
N-acetyltyramine has been characterized primarily for its anti-
microbial effects and as a free radical scavenger.55,56 Notably,
reactive oxygen species (ROS) impair insulin-mediated PI3-
kinase/Akt signaling, lipogenesis, and glucose uptake in 3T3-
L1 adipocytes; in this context, the radical-scavenging pro-
perties of N-acetyltyramine may underlie its anti-adipogenic
activity.57,58 By comparison, p-hydroxyphenethyl alcohol
(tyrosol)—which bears a free hydroxyl in place of the acet-
amido moiety of compound 2—attenuates 3T3-L1 differen-
tiation via downregulation of adipogenic proteins, reduction of
inflammatory mediators, and mitigation of oxidative stress.
Moreover, tyrosol has been reported to promote “browning” of
white adipose tissue through activation of the AMPK–ATGL–
UCP1 axis.59 In contrast, tyramine (the de-acetylated analogue
of compound 2) mimics insulin action and enhances adipo-
cyte differentiation in 3T3-L1 cells.60,61 These observations col-

Fig. 5 Effect of compounds 1–6 on adipogenesis of 3T3-L1 cells. The
cells were treated with 0, 1, 50, and 100 µM concentration in the pres-
ence or absence of differentiation media. The levels of lipid accumu-
lation were quantified by Oil red O staining. Data are presented as mean
± SD (n = 4). * indicates significant differences by Student’s t-test (p <
0.05 vs. untreated 3T3-L1 cells).

Fig. 6 Effect of compound 2 on the mRNA levels of adipogenic-related
factors in 3T3-L1 cells. The mRNA expression levels of C/EBPα, SREBP2,
FASN, UCP2, and leptin were measured by qRT-PCR. Relative mRNA
expression of each gene was normalized to β-actin in compound 2
treated cells. Data are presented as mean ± SD (n = 4). * indicates signifi-
cant differences by Student’s t-test (p < 0.05 vs. untreated 3T3-L1 cells).
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lectively underscore that the terminal functional group on the
phenylethyl scaffold critically determines whether the mole-
cule exerts pro- or anti-adipogenic effects.

Conclusion

In this study, we investigated the chemical and biological
potential of termite-associated Streptomyces sp. M45 and suc-
cessfully isolated six metabolites (1–6) through combined
solvent partitioning, RP-C18 chromatography, and HPLC purifi-
cation guided by LC–MS. We fully elucidated the structure of
the anthranilic acid derivative 1 via comprehensive 1D/2D
NMR, HR-ESIMS, and DP4+ analysis, correcting earlier data
and providing the first complete 13C NMR assignments.
Bioactivity assay in 3T3-L1 adipocytes revealed that, among the
isolates, N-acetyltyramine (2) exhibited the most potent anti-
adipogenic effects, significantly reducing lipid accumulation
without cytotoxicity. Mechanistic studies demonstrated that
compound 2 suppresses adipocyte differentiation by down-reg-
ulating key transcription factors (C/EBPα, SREBP2) and lipo-
genic genes (FASN, UCP2), as well as the adipokine leptin.
These findings establish termite-derived Streptomyces as a
promising source of anti-adipogenic natural products and
underscore the critical influence of phenylethyl functionali-
zation on adipogenesis.

Experimental section
General experimental procedures

Ultraviolet–visible (UV–Vis) spectra were recorded on an
Agilent 8453 spectrophotometer (Agilent Technologies, Santa
Clara, CA, USA). 1H and 13C NMR spectra were acquired on a
Bruker AVANCE III HD 850 spectrometer equipped with a
5 mm TCI CryoProbe (Bruker, Karlsruhe, Germany) at
850 MHz (1H) and 212.5 MHz (13C). Chemical shifts (δ) are
reported in ppm relative to residual solvent signals (1H:
CD3OD at 3.310 ppm, CDCl3 at 7.260 ppm, and pyridine-d5 at
8.740 ppm; 13C: CD3OD at 49.000 ppm) (Cambridge Isotope
Laboratories, Tewksbury, MA, USA). Preparative HPLC was per-
formed on a Waters 1525 binary pump coupled to a Waters
996 photodiode array detector (Waters Corporation, Milford,
CT, USA) using a Hector-A C18 column (250 × 21.2 mm, 5 µm;
RStech, Chungcheongbuk-do, Korea) at a flow rate of 5 mL
min−1. Semi-preparative separations employed the same HPLC
system with a Phenomenex Luna Phenyl-Hexyl column (250 ×
10 mm, 10 µm; Phenomenex, Torrance, CA, USA) at 2 mL
min−1. Analytical LC–MS analyses were carried out on an
Agilent 1200 Series HPLC equipped with a diode array detector
and an Agilent 6130 ESI mass spectrometer (Agilent
Technologies) using a Kinetex C18 column (100 × 2.1 mm,
5 µm; Phenomenex) at 0.3 mL min−1. High-resolution ESIMS
data were acquired on an Agilent 6545 Q-TOF mass spectro-
meter coupled to an Agilent 1290 Infinity II HPLC (Agilent
Technologies) with an Eclipse Plus C18 column (50 × 2.1 mm,

1.8 µm; Agilent Technologies) at 0.3 mL min−1. Column
chromatography was conducted on reversed-phase C18 silica
gel (230–400 mesh; Merck, Darmstadt, Germany). Thin-layer
chromatography was performed on precoated silica gel F254
and RP-C18 F254s plates (Merck), with visualization under UV
light and by heating after spraying with anisaldehyde–sulfuric
acid.

Isolation of Streptomyces spp

Termite workers of an Odontotermes sp. colony were collected
in Lajuma, South Africa in 2008, transported in sterile plastic
bags, and processed within 24 h of collection. Gut and cuticle
tissues were aseptically dissected, and each sample was hom-
ogenized in sterile deionized water. The resulting suspensions
were spread onto low–nutrient agar plates to promote the
growth of oligotrophic bacteria. Colonies displaying filamen-
tous, Actinobacteria–like morphology were picked and
restreaked onto ISP2 agar. Successive subculturing on ISP2
agar was performed until pure, axenic Actinobacteria isolates
were obtained.

Sequencing and species identification

Genomic DNA from Streptomyces sp. M45 was extracted and
the 16S rRNA gene was amplified as previously described.62

The resulting sequence was analyzed for taxonomic identifi-
cation and submitted to GenBank under accession number
SUB15388626.

Isolation of compounds 1–6

Streptomyces sp. M45 was cultivated on sixty ISP-2 agar plates
(9 cm diameter) at 30 °C for 14 days. The agar was diced,
pooled, and extracted overnight with MeOH. The combined
MeOH extract was filtered and concentrated under reduced
pressure to yield a crude extract, which was successively parti-
tioned with n-hexane, CH2Cl2, EtOAc, and n-BuOH to afford
four fractions: n-hexane (752.0 mg), CH2Cl2 (155.4 mg), EtOAc
(156.9 mg), and n-BuOH (1.8 g). The n-BuOH fraction (1.8 g)
was subjected to reversed-phase C18 silica gel column chrom-
atography using a MeOH–H2O gradient (20 : 80 → 100 : 0, v/v),
yielding 12 subfractions (MB1–MB12). Subfraction MB3
(38.8 mg) was purified by semi-preparative HPLC (MeOH–H2O
20 : 80, v/v, isocratic) to afford compound 1 (tR 42.5 min,
1.4 mg). The EtOAc fraction (156.9 mg) was fractionated by pre-
parative HPLC with a MeOH–H2O gradient (10 : 90 → 30 : 70,
v/v) into nine subfractions (ME1–ME9). Subfraction ME2
(28.3 mg) was purified by semi-preparative HPLC (MeOH–H2O
1 : 99, v/v, isocratic) to yield compound 3 (tR 37.4 min, 1.2 mg).
Subfraction ME6 (21.0 mg) was purified by semi-preparative
HPLC under isocratic conditions (MeOH–H2O 19 : 81, v/v) to
give compound 2 (tR 52.0 min, 5.5 mg). The CH2Cl2 fraction
(155.4 mg) was separated by preparative HPLC using a MeOH–

H2O gradient (40 : 60 → 80 : 20, v/v), yielding eight subfractions
(MM1–MM8). Subfraction MM3 (17.0 mg) underwent semi-pre-
parative HPLC (MeOH–H2O 35 : 65, v/v, isocratic) to furnish
compound 4 (tR 41.3 min, 1.9 mg). Subfraction MM4 (11.8 mg)
was similarly purified (MeOH–H2O 38 : 62, v/v, isocratic) to
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isolate compounds 5 (tR 41.5 min, 1.0 mg) and 6 (tR 62.5 min,
1.0 mg).

2-Acetamido-3-hydroxybenzoic acid (1)

White amorphous powder; UV (MeOH) λmax (log ε) 218 (3.8)
nm; 1H (850 MHz) and 13C (212.5 MHz) NMR data, see
Table 1; HR–ESIMS (positive-ion mode) m/z 196.0597 [M + H]+

(calculated for C9H10NO4, 196.0604).

Computational NMR chemical shift calculations for DP4+

analysis

DP4+ probability calculations were employed to assign the
positions of functional groups in compound 1. Initial confor-
mational searches were conducted in the OPLS4 force field
using MacroModel (v2024-4; Schrödinger LLC, New York, NY,
USA) with a mixed torsional/low-mode sampling protocol. All
calculations were performed in the gas phase, applying a 20 kJ
mol−1 energy window and a maximum of 10 000 iterations.
The Polak–Ribiere conjugate gradient (PRCG) algorithm was
established with 10 000 maximum iterations and a 0.001 kJ
(mol Å)−1 convergence threshold on the root-mean-square gra-
dient to minimize conformers. The conformers proposed in
this study were selected for geometry optimization using
TmoleX (version 4.3.2, Turbomole GmbH, Karlsruhe, German),
with density functional theory settings of B3-LYP/6-31G(d,p).63

For each conformer of 1A (2-acetamido-3-hydroxybenzoic acid;
four conformers) and 1B (2-acetyloxy-3-aminobenzoic acid; six
conformers), gauge-invariant atomic orbital (GIAO) magnetic
shielding tensors were computed at the B3LYP/6-31G(d,p)
level. Calculations were performed within the polarizable con-
tinuum model (PCM), and the resulting chemical shifts were
Boltzmann-weighted according to the relative population of
each conformer. The NMR chemical shifts were derived from
the GIAO shielding tensors using the following equation (δxcalc:
calculated 1H/13C NMR chemical shift for nucleus x, σo: shield-
ing tensor for the proton/carbon nucleus in tetramethylsilane,
σx: shielding tensor for the proton/carbon nucleus x).

δxcalc ¼ σ o � σ x

The calculated 1H and 13C NMR chemical shifts were aver-
aged based on their Boltzmann population and used for DP4+

probability calculations using an Excel sheet.64

Chemicals for biological activity

Dulbecco’s modified Eagle’s medium (DMEM) was obtained
from Corning (Manassas, VA, USA). Bovine calf serum (BCS)
and TRIzol® reagent were acquired from Thermo Scientific
(Waltham, MA, USA). Fetal bovine serum (FBS) and penicillin–
streptomycin were purchased from Atlas Biologicals (Fort
Collins, CO, USA) and Gibco (Grand Island, NY, USA), respect-
ively. Insulin, 3-isobutyl-1-methylxanthine (IBMX), dexametha-
sone, Oil Red O, isopropanol, and paraformaldehyde solution
were supplied by Sigma-Aldrich (St Louis, MO, USA).
EZ-Cytox™ assay reagent was provided by DoGen (Seoul,
Korea), and AccuPower® qPCR Master Mix was obtained from
Bioneer (Daejeon, Korea).

Cell culture and differentiation

The 3T3-L1 mouse preadipocyte cell line was purchased from
the American Type Culture Collection (Manassas, VA, USA).
Cells were maintained in DMEM supplemented with 10% BCS
and 1% penicillin–streptomycin in a humidified incubator at
37 °C with 5% CO2. Upon reaching approximately 90% conflu-
ence, cells were either harvested for assays or induced to differ-
entiate. For adipogenic differentiation, confluent 3T3-L1 prea-
dipocytes were cultured in DMEM containing 10% FBS for
24 h, then treated with differentiation medium (DMEM + 10%
FBS) supplemented with 0.5 mM IBMX, 1 µM dexamethasone,
10 µg mL−1 insulin, and test compounds for 72 h. Thereafter,
cells were maintained in DMEM + 10% FBS containing 10 µg
mL−1 insulin, with medium changes every 48 h until the com-
pletion of differentiation.

Cell viability assay

Preadipocytes were seeded at 1 × 104 cells per well in 96-well
plates and allowed to adhere for 24 h. Test compounds (1–6)
were applied at final concentrations of 0, 1, 50, and 100 µM.
After 72 h of treatment, 10 µL of EZ-Cytox reagent was added
to each well, and plates were incubated in the dark for 1 h at
37 °C. Absorbance was measured at 450 nm using a
PowerWave XS microplate reader (Bio-Tek Instruments,
Winooski, VT, USA). Cell viability (%) was calculated relative to
untreated controls, which were defined as 100%.

Oil red O staining and quantification

3T3-L1 preadipocytes were plated at 5 × 104 cells per well in
48-well plates and induced to differentiate in the presence of
compounds 1–6 (1, 50, and 100 µM). On day 8 post-induction,
cells were rinsed twice with Dulbecco’s phosphate-buffered
saline (DPBS) and fixed in 10% neutral-buffered formalin for
1 h at room temperature. After fixation, cells were washed with
DPBS and treated with 60% isopropanol for 5 min to facilitate
stain uptake. Cells were then incubated with freshly prepared
Oil Red O solution for 20 min, washed four times with distilled
water, and air-dried. The retained dye was eluted with 100%
isopropanol, and absorbance was measured at 500 nm to
quantify intracellular lipid accumulation. Lipid content was
expressed as a percentage of the vehicle-treated control
(100%).

Gene expression analysis

3T3-L1 cells were plated at 5 × 105 cells per well in 6-well plates
and treated with the test compounds throughout differen-
tiation. Total RNA was extracted from differentiated cells using
TRIzol® reagent (Thermo Scientific, Waltham, MA, USA)
according to the manufacturer’s instructions. Total RNA (1 µg)
was reverse-transcribed into cDNA using a High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems), and
gene expression levels were quantified by quantitative real-
time PCR (qRT-PCR)as described.65
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Statistical analysis

Data are presented as mean ± standard deviation (SD) from at
least three independent experiments. One-way ANOVA with a
post hoc Tukey’s test was performed for statistical comparisons
using GraphPad Prism 9 (GraphPad Software, San Diego, CA,
USA). Differences were considered statistically significant at p
< 0.05.
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