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A B S T R A C T   

Background: Small molecules have emerged as valuable tools to modulate cellular homeostasis and the changes 
associated with aging. In particular, the phytochemical curcumin elicits cytoprotective effects that promote 
human health and longevity. The short-chain fatty acid butyrate provides anti-fibrotic activities, but can also 
induce cellular senescence. 
Rationale: The impact of curcumin and butyrate on living cells are not fully understood. To obtain this infor-
mation, our work focuses on fibroblasts. We selected fibroblasts as cellular model, because they (i) are present in 
different tissues and organs, (ii) contribute essential functions that derail during organismal aging, and (iii) are 
prime targets for therapeutic interventions that ameliorate aging-related pathologies. 
Methods and results: A panel of quantitative assessments determines how curcumin and its nanoformulation 
(nano-curcumin), either alone or in combination with butyrate, modulate fibroblast physiology. Several exper-
imental approaches and biomarkers demonstrate that curcumin (i) diminishes fibroblast viability, and (ii) pro-
motes cellular senescence in a concentration-dependent fashion. Specifically, curcumin and nano-curcumin 
increase the activity of senescence-associated β-galactosidase and reduce the abundance of lamin B. When 
combined with butyrate, both curcumin and nano-curcumin enhance cell death and senescence. Free curcumin 
decreases the levels of Nrf2, a transcription factor that is upregulated upon oxidative stress. Neither curcumin nor 
nano-curcumin changes the abundance of the transcription factor NFκB, which is critical for inflammatory re-
sponses. Free curcumin, butyrate and nano-curcumin/butyrate combinations significantly diminish the abun-
dance of the lysine deacetylase SIRT1, which is a key regulator of cellular senescence. Notably, none of the 
compounds or their combinations elevates biomarkers of fibrosis. 
Conclusions: This study defines the cellular and molecular changes produced in fibroblasts by curcumin, nano- 
curcumin, alone or together with butyrate. Collectively, our results set the stage to explore curcumin/ 
butyrate-based treatments to control the cellular activities that are contributed by fibroblasts.   

1. Introduction 

Cellular senescence is a critical regulator of organismal aging, 
development, tissue regeneration, and cell plasticity (Ring et al., 2022; 
Tripathi et al., 2021). Organismal homeostasis declines during aging; 
fibroblasts are particularly important for these aging-related changes 
(Plikus et al., 2021). Present in many organs and tissues, fibroblasts 
respond to tissue damage and other cues (Kirk et al., 2021). For instance, 

wound healing requires a subpopulation of fibroblasts to undergo 
senescence (Tripathi et al., 2021). Damage-induced fibroblast activation 
generates contractile myofibroblasts that advance tissue repair (Plikus 
et al., 2021). However, the persistence of myofibroblasts can also pro-
mote fibrosis in multiple tissues and organs (McElhinney et al., 2023; 
Plikus et al., 2021). 

Exploration of the molecular mechanisms that drive cellular senes-
cence inspired the development of pharmacological tools to eliminate 
senescent cells (Lagoumtzi and Chondrogianni, 2021; Robbins et al., 
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2020). Various phytochemicals, such as curcumin, function as senolytics 
or senomorphics, at least in some cell types (Lagoumtzi and Chon-
drogianni, 2021). Several of these senotherapeutics are currently eval-
uated in clinical trials (Chaib et al., 2022; NIH, Clinical Trials, 2023). 

Curcumin is a natural product with numerous health benefits, 
including anti-oxidant and anti-inflammatory activities (Mahjoob and 
Stochaj, 2021). This cytoprotective polyphenol prevents or reduces 
aging-related dysfunctions in experimental model systems. Accordingly, 
curcumin is a promising compound for clinical applications (Mahjoob 
and Stochaj, 2021; NIH, Clinical Trials, 2023). 

Due to its poor solubility in aqueous solutions and metabolic turn-
over in living organisms, curcumin has low bioavailability (Ataei et al., 
2023). One of the major strategies to enhance curcumin’s bioavailability 
is the generation of curcumin-loaded nanomaterials (Ataei et al., 2023; 
Mahjoob and Stochaj, 2021). In particular, curcumin nanoformulations 
have evolved as promising alternatives to administrating the free com-
pound. Tunable nanocarriers that are non-toxic to normal cells are ideal 
candidates for the delivery of curcumin (Moquin et al., 2019). 

Like curcumin, the short-chain fatty acid butyrate improves human 
health. As cellular homeostasis declines during aging, tissues and organs 
become more prone to fibrosis (Han et al., 2023; Li et al., 2022; Yi et al., 
2023). Accordingly, the antifibrotic actions of butyrate are directly 
relevant to aging (Corrêa et al., 2022; Park et al., 2021). 

Curcumin may function as a senolytic that eliminates senescent cells 
in vitro (Li et al., 2019). At present, it is not fully understood which cell 
types are responsive to the senolytic activity of curcumin. It is also not 
known whether curcumin prevents the onset of senescence in cells of 
diverse origin, such as fibroblasts. Building on our previous experience 
with senescent cells (Chu et al., 2022), we addressed these questions in 
NIH3T3 cells. This fibroblast cell line was established from 17 to 19 days 
old mouse embryos (Todaro and Green, 1963) and has been explored for 
aging research (for example (Chang et al., 2019; Chu et al., 2022)). Our 
study reveals that curcumin triggers fibroblast senescence and enhances 
the senescent phenotype produced by butyrate. Moreover, curcumin, 
either alone or in combination with butyrate, regulates tissue homeo-
stasis through the induction of fibroblast senescence, but without pro-
moting fibrosis. 

2. Materials and methods 

2.1. Primary and secondary antibodies 

Primary antibodies and their dilutions for Western blotting are listed 
in Table 1. Affinity-purified HRP-conjugated secondary antibodies were 
obtained from Jackson ImmunoResearch and used at a 1:2,000 dilution. 

2.2. Synthesis of miktoarm polymer 

AB2 (A = polycaprolactone, PCL; B = polyethylene glycol, PEG) 
miktoarm polymer (M1) was synthesized by adaptation of the procedure 
reported earlier (Baghbanbashi et al., 2022; Lotocki et al., 2021; Soli-
man et al., 2010; Yong and Kakkar, 2021). Briefly, 3,5-dihydroxybenzy-
lalcohol was dipropargylated, and the resulting compound was used as 
an initiator for ring-opening polymerization of ε-caprolactone to obtain 
(alkyne)2-core-PCL. Methoxy-PEG2000-N3 was separately prepared from 
commercially available methoxy-PEG2000-OH, by reacting it first with 
tosyl chloride and then sodium azide. Methoxy-PEG2000-N3 was then 
reacted with (alkyne)2-core-PCL using copper catalyzed alkyne-azide 
cycloaddition (click) chemistry. The resulting branched polymer (M1, 
Fig. 1) was characterized using 1H (Fig. S1), 13C NMR (Fig. S2) and GPC, 
and the data agreed well with our previously published work (Bagh-
banbashi et al., 2022; Lotocki et al., 2021). The molecular mass of M1 
was determined as 7,900 g/mol. 

2.3. Aqueous self-assembly 

Curcumin loaded nanoformulations from the miktoarm polymer 
were prepared using the cosolvent evaporation method (Baghbanbashi 
et al., 2022; Lotocki et al., 2021; Soliman et al., 2010; Yong and Kakkar, 
2021). Briefly, 5 mg of M1 was dissolved in 2 mL of HPLC-grade acetone, 
and 1 mg/mL of curcumin in HPLC grade acetone solution was prepared 
separately. 0.5 mL of this curcumin solution was added to the above M1 
solution and sonicated for 5 min before adding the mixture slowly 
dropwise into 2 mL of Milli-Q H2O while stirring. The acetone was then 
allowed to evaporate overnight in the dark. Subsequently, the solution 
was centrifuged at 1000 rpm for 10 min and the supernatant was passed 
through a 0.22 μm PVDF syringe filter. Blank formulations were pre-
pared by following a similar procedure without mixing curcumin solu-
tion with M1 solution in 2 mL of acetone. 

2.4. Determination of loading capacity and encapsulation efficiency 

To calculate the drug loading (DL) and encapsulation efficiency (EE), 
20 μL of the micelle solution was collected and diluted to 2 mL with 
methanol. The solution was then analyzed with UV–Vis. The amount of 
curcumin present was calculated using the absorption intensity of the 
diluted solution at 426 nm and the gradient of the standard calibration 
curve of curcumin in methanol. The DL and EE were then calculated 
using following equations:  

DL%= [Loaded drug/ (Total drug + polymer added)] *100%                        

Abbreviations 

ECL enhanced chemiluminescence 
DMSO dimethyl sulfoxide 
DL drug loading 
DLS dynamic light scattering 
EE encapsulation efficiency 
NaBu sodium butyrate 
Nano-curcumin curcumin nanoformulation 
NP nanoparticle 
SA-β-gal senescence-associated β-galactosidase 
TBST Tris-buffered saline containing 0.05% Tween 20 
TEM transmission electron microscopy 
X-gal 5-bromo-4-chloro-3-indolyl β-D-galactopyranoside  

Table 1 
Primary antibodies for Western blotting.  

Antigen Source of Antibody Dilution for Western 
blotting 

p21 Santa Cruz Biotechnology, sc- 
397 

1:500 

p53 Cell Signaling Technology; 
#2524 

1:1,000 

Lamin B Santa Cruz Biotechnology, sc- 
6216 

1:1,000 

γH2AX Sigma-Aldrich, clone JBW301, 
05-636 

1:2,000 

Nrf2 Santa Cruz Biotechnology, sc- 
722 

1:500 

NFκB Santa Cruz Biotechnology, sc- 
372 

1:1,000 

SIRT1 ABclonal, A0230 1:1,000 
α-Smooth muscle actin 

(SMA) 
ABclonal, A1011 1:2,000 

Myosin light chain 
(MLC) 

Sigma-Aldrich, M4401 1:2,000 

Actin Chemicon MAB1501 1:100,000  
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EE%= [Loaded drug/ Total drug added] *100%                                           

2.5. Characterization of nanoparticles 

Aqueous self-assemblies from miktoarm polymer M1 were analyzed 
using dynamic light scattering (DLS) and transmission electron micro-
scopy (TEM). DLS provides a measure of the hydrodynamic diameter of 
the nanoparticles, while TEM visualizes the nanoparticle morphology 
and size without hydration sphere. The spherical core-shell micelles had 
a hydrodynamic diameter of 60 ± 6 nm (blank), which increased to 65 
± 8 nm upon loading with curcumin. Using TEM, spherical micelles had 
an average size of 40 nm (blank) and 50 nm (nano-curcumin), respec-
tively (Table 2). In addition to different output (hydrodynamic diameter 
with DLS), the smaller sizes of nanoparticles determined with TEM (in 
comparison to DLS) are attributed to the shrinking of micelles upon 
dehydration during sample preparation. The encapsulation of curcumin 
into M1-based micelles led to loading capacity of 7.7 ± 0.6% and 
encapsulation efficiency of 84.8 ± 7.1%. It resulted in approximately 
700x increase in curcumin solubility. 

2.6. Growth and treatment of NIH3T3 cells 

NIH3T3 fibroblasts were grown in Dulbecco’s modified eagle me-
dium (DMEM), supplemented with 8% bovine calf serum (BCS) and 1% 
penicillin/streptomycin (Chu et al., 2022). Cultures were kept at 37 ◦C 
in a humidified atmosphere containing 5% CO2. Senescence induction 
with sodium butyrate (here referred to as butyrate) has been described 
earlier (Chu et al., 2022). In brief, sodium butyrate (Alfa Aesar) was 
dissolved in sterile distilled water. The concentration of the sodium 
butyrate stock solution was 100 mM. To induce cellular senescence, 
NIH3T3 fibroblasts were incubated with growth medium containing 5 
mM sodium butyrate. Vehicle controls for butyrate were cultured in 
growth medium supplemented with sterile distilled water. 

Treatment with curcumin or nano-curcumin. Curcumin (Sigma, C1386) 
was dissolved in dimethyl sulfoxide (DMSO; Fisher BioReagents). For 
vehicle controls and curcumin treatments, the final DMSO concentration 
was 0.2% (v/v). Curcumin stock solutions (500 × ) were diluted in pre- 

warmed medium immediately before addition to the cells. Curcumin- 
loaded nanoparticles (nano-curcumin) were suspended in distilled 
water. Nano-curcumin was added to achieve the same final concentra-
tions of curcumin as for the free compound. Two types of control groups 
were included for nano-curcumin, (i) sterile water to monitor the effects 
of the nanocarrier, (ii) nanoparticles only (without curcumin loading). 
Sterile water is represented in Figs. 4 and 5 as “− NPs, 0 μM Cur”. Empty 
nanoparticles are indicated by “+ NPs, 0 μM Cur”. 

Nanoparticles were present at concentrations that are above the 
critical micelle concentration (CMC). The CMC for the nanoparticles 
used in our study is 3.43 μg/ml. 

Curcumin or nano-curcumin treatment followed by sodium butyrate in-
cubation. Fibroblasts were cultured in medium containing free curcumin 
or nano-curcumin for two days. Cells were then cultured for additional 
three days in medium containing free curcumin or nano-curcumin and 
sodium butyrate or the vehicle water. 

2.7. Cell viability assay 

Cell viability was measured with a resazurin (Acros Organics) 
reduction assay (Uzarski et al., 2017). This assay uses resazurin, a 
non-fluorescent and cell-permeable dye. Viable cells reduce resazurin to 
generate the fluorescent product resorufin. The number of viable cells is 
proportional to the amount of resorufin generated (Riss TL et al., 2013 
[updated 2016]). To monitor cell viability, fibroblasts were seeded in 
96-well plates and treated as described in section 2.6. Non-specific 
background signals were determined with wells that received growth 
medium and the assay solutions, but no cells. Following treatment, 20 μl 
of resazurin solution (150 μg/ml in PBS, filtered before use) was added 
to each well. Samples were incubated at 37 ◦C and resorufin fluores-
cence (excitation/emission: 560 nm/590 nm) was measured with a plate 
reader (Tecan Infinite M1000). 

2.8. Evaluation of senescence-associated β-galactosidase 

The enzymatic activity of senescence-associated beta-galactosidase 
(SA-β-gal) correlates with cellular senescence and is commonly used as a 
marker to identify senescent cells. SA-β-gal activity can be visualized at 
pH 6.0 with 5-bromo-4-chloro-3-indolyl β-D-galactopyranoside (X-gal) 
as the chromogenic substrate (Debacq-Chainiaux et al., 2009). For the 
study described here, fibroblasts were seeded on coverslips in 24-well 
plates and treated as described in section 2.6. Following treatment, 
cells were washed twice with PBS, fixed for 5 min in PBS containing 2% 
formaldehyde and 0.2% glutaraldehyde, and washed twice with PBS. 
Samples were then incubated with staining solution (40 mM citric 
acid/Na buffer, 5 mM K4[Fe(CN6)]⋅3H2O, 5 mM K3[Fe(CN6)], 150 mM 
NaCl, 2 mM MgCl2, 1 mg/ml X-gal, dissolved in distilled water) over-
night at 37 ◦C (500 μl per well). The staining solution was removed on 
the next day; coverslips were washed twice with PBS, and mounted on a 
microscope slide. Coverslips were sealed with nail polish, and imaged 
with a Leica Galen III microscope using a 20 × objective (Chu et al., 
2022). At least 100 cells per condition were evaluated for each 

Fig. 1. Structure of miktoarm polymer M1 and its aqueous self-assembly, leading to core-shell curcumin (yellow) loaded nanoformulations. The polycaprolactone is 
depicted in red, and polyethylene glycol arms are shown in blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Table 2 
Properties of nanocarriers.   

DH 

(nm)a 
DTEM 

(nm)b 
Loading 
capacity (%) 

Encapsulation 
efficiency (%) 

M1 based blank 
micelles 

60 ± 6 40 not applicable not applicable 

Curcumin-loaded 
M1 based 
micelles 

65 ± 8 50 7.7 ± 0.6 84.8 ± 7.1  

a Hydrodynamic, diameter determined by dynamic light scattering. 
b Diameter, measured by transmission electron microscopy. 
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independent experiment. 

2.9. Western blotting 

The preparation of crude cell extracts and Western blotting protocols 
were described earlier (Chu et al., 2022; Moujaber et al., 2019). In brief, 
cells were grown on 10 cm culture dishes and incubated with the 
appropriate vehicle, curcumin, or nano-curcumin, and butyrate. 
Following treatment, cells were washed twice with PBS, and stored at 
− 70 ◦C until use. Crude extracts were prepared as published (Chu et al., 
2022; Moujaber et al., 2019). Samples were separated on poly-
acrylamide gels and transferred to nitrocellulose filters. Filters were 
blocked in Tris-buffered saline containing 0.05% Tween 20 (TBST) and 
5% nonfat milk for 1 h at room temperature. After incubation with 
primary antibodies (4 ◦C, overnight), filters were washed in TBST (1 h, 
room temperature), and incubated with HRP-conjugated secondary 
antibodies (4 ◦C, overnight). After washing, signals were detected for 
enhanced chemiluminescence (ECL, BioRad, Clarity Western ECL sub-
strate). ECL-signals were captured with a ChemiDoc™ imager. Details 
on the primary antibodies used for Western blotting are shown in 
Table 1. Images of the original blots are included in the Supplemental 
file. 

2.10. Statistical evaluation 

Statistical evaluation was performed with One-way ANOVA and 
Bonferroni correction. Each dataset represents between two and three 
independent experiments. The number of independent experiments is 
stated in the figure legends. Pairwise comparisons to controls were 
conducted. The effect of curcumin was assessed separately for experi-
mental groups treated (i) without or (ii) with sodium butyrate. Student’s 
t-test was used to assess two experimental groups. 

3. Results and discussion 

3.1. Curcumin and nano-curcumin diminish fibroblast viability in a 
concentration-dependent fashion 

A first set of experiments identified curcumin concentrations with 
low toxicity for NIH3T3 cells. While 0.1 μM and 1 μM curcumin had no 
marked effect, the viability significantly declined for 10 μM curcumin 
after 3 or 5 days of incubation (Fig. 2a). Based on these results, we 
selected 1 μM and 10 μM curcumin for all subsequent work. These 

curcumin concentrations can be achieved in vivo (Bielak-Zmijewska 
et al., 2019; El-Saadony et al., 2022). For example, 1 h after oral 
administration of 4–8 g of curcumin, plasma concentrations varied be-
tween 0.4 and 3.6 μM to human subjects (Cheng et al., 2001). Curcumin 
serum concentrations can be markedly increased when the compound is 
administered with adjuvants or as nanoformulation (Dei Cas and Ghi-
doni, 2019; Heidari et al., 2023; Mahjoob and Stochaj, 2021). Butyrate, 
used for some of our experiments, is naturally produced by the gut 
microbiome; it reaches millimolar concentrations in vivo (Chriett et al., 
2019). 

Developed from a miktoarm polymer, a non-toxic carrier was eval-
uated in parallel for curcumin delivery. Soft nanoparticles from 
amphiphilic block-copolymers overcome the obstacles of curcumin low 
bioavailability and short half-life in biological environments (Li et al., 
2020). We have used branched star polymers of AB2 composition (A =
polycaprolactone, hydrophobic biocompatible and biodegradable arm; 
B = polyethylene glycol, hydrophilic arms that confer aqueous solubility 
and stealth to the nanoformulation), to develop nano-curcumin for this 
study (see Materials and methods for details). AB2 amphiphilic star 
block copolymers self-assemble into a core–shell micelle structure in an 
aqueous medium, yielding nanoparticles with smaller hydrodynamic 
diameters, much denser core-corona structure, lower critical micelle 
concentrations, and higher lipophilic cargo efficiencies compared to 
their linear analogs (Kakkar et al., 2017; Lotocki and Kakkar, 2020). For 
our experiments, these nanoparticles were loaded with curcumin. The 
curcumin nanoformulation, referred to as nano-curcumin, was assessed 
in parallel. As observed with free curcumin, high concentrations of 
nano-curcumin also diminished the viability of fibroblasts (Fig. 2b). 
However, the effect was less prominent when compared with the free 
compound. 

3.2. Curcumin and nano-curcumin promote senescence and enhance 
butyrate-induced senescence in fibroblasts 

The evaluation of senescence-associated β-galactosidase (SA-β-gal) 
revealed that free and nano-curcumin triggered fibroblast senescence 
(Fig. 3). Notably, curcumin and nano-curcumin did not block the onset 
of butyrate-induced senescence. Compared to the individual agents, 
curcumin/butyrate or nano-curcumin/butyrate combinations further 
increased the percentage of senescent cells (Fig. 3). These combinations 
also markedly reduced fibroblast viability (Fig. 3). At 10 μM, free cur-
cumin caused significantly more cellular senescence when compared 
with nano-curcumin. At the same time, cell viability was significantly 

Fig. 2. Effect of free and nano-curcumin on 
fibroblast viability. NIH3T3 cell viability was 
measured after treatment with different forms of 
curcumin. The graphs represent averages of three 
independent experiments (n = 3). (a) Cells were 
treated for 1, 3, or 5 days with the free curcumin 
concentration indicated. (b) Fibroblasts were incu-
bated with vehicle, empty nanoparticles, or nano-
particles loaded with curcumin (Nano-cur). 
Concentrations of empty nanoparticles (low, high) 
were matched to the nanocarriers provided as nano- 
curcumin. Treatment was for 1, 3, or 5 days with 
final curcumin concentrations of 1 μM or 10 μM. (a, 
b) One-way ANOVA combined with Bonferroni 
correction uncovered significant differences between 
controls (no curcumin or no curcumin, no nano-
particles) and treated samples (**, p < 0.01; ***, p <
0.001). One-way ANOVA and Bonferroni posthoc 
analysis also assessed the effects of incubation time 
for a specific curcumin or nano-curcumin concentra-
tion. Pairwise comparisons were made relative to day 
1 (#, p < 0.05; ##, p < 0.01; ###, p < 0.001). AU, 
arbitrary units; NPs, nanoparticles.   
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lower for free curcumin (Fig. 3). The same trends were observed for 
curcumin/butyrate combinations. These results confirm that nano- 
curcumin elicits a milder impact on cell physiology than the free com-
pound (Figs. 2 and 3). 

3.3. Multiple biomarkers confirm that curcumin induces senescence in 
fibroblasts 

Additional biomarkers independently verified that curcumin pro-
motes fibroblast senescence. Cellular senescence is often accompanied 
by changes in the abundance of cell cycle regulators, which contribute to 
cell cycle arrest (Sikora et al., 2021). Curcumin diminished the levels of 
p21, which were further reduced by butyrate (Fig. 4). As observed 
previously (Chu et al., 2022), butyrate also decreased p53 levels, but 
curcumin or nano-curcumin alone had no significant effects. It should be 
noted that the loss of p21 and p53 is consistent with an established cell 

cycle arrest (Tripathi et al., 2021). While p21 and p53 commonly limit 
cell proliferation, a more intricate relationship has emerged for cellular 
senescence. Thus, the abundance of p21 and p53 diminishes upon in-
duction of senescence when cells have lost their ability to proliferate 
(Tripathi et al., 2021). 

Furthermore, curcumin reduced lamin B abundance (Fig. 4); the loss 
of lamin B also represents a hallmark of cellular senescence (Sikora 
et al., 2021). Notably, DNA damage, monitored with the marker γH2AX, 
did not significantly increase upon incubation with curcumin, 
nano-curcumin, alone or in combination with butyrate. Taken together, 
several independent lines of evidence support the hypothesis that cur-
cumin and curcumin/butyrate combinations trigger senescence in fi-
broblasts. While nano-curcumin elicits the same effects, the outcome 
was generally less profound when compared to the free compound. 

Fig. 3. Free curcumin and nano-curcumin induce cellular senescence in fibroblasts. Experimental design: NIH3T3 cells were pre-incubated with vehicle, free 
curcumin or nano-curcumin for 2 days. The incubation was continued for three additional days in the absence or presence of sodium butyrate. To monitor cellular 
senescence, SA-β galactosidase (SA-β-gal) activity was detected with chromogenic assays. Graphs show averages + SEM for three independent experiments (n = 3). At 
least 100 cells were scored for each data point and every experiment. The viability of fibroblasts was assessed in parallel (bottom). The changes in fibroblast 
senescence or viability were compared for free curcumin (gray bars) and nano-curcumin (striped bars). Statistical evaluation was conducted with One-way ANOVA 
and Bonferroni correction. Pairwise comparisons were performed between controls and individual experimental conditions; *, p < 0.05; ***, p < 0.001. Student’s t- 
test identified significant differences between experimental groups treated without and with sodium butyrate; §, p < 0.05; §§, p < 0.01; §§§, p < 0.001. Student’s t-test 
was applied to compare the results for free curcumin and nano-curcumin (graphs with both gray and striped bars); §, p < 0.05; §§, p < 0.01. Size bars are 100 μm. 
NaBu, sodium butyrate; AU, arbitrary units. 
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3.4. Curcumin, nano-curcumin, and butyrate modulate multiple 
biomarkers of stress and inflammation 

Cellular senescence and organismal aging are associated with 
increased oxidative stress (George et al., 2022; Liu et al., 2023; Shin 
et al., 2023) and a rise in inflammation, known as inflammaging 
(Franceschi et al., 2018). We examined two major regulators of cellular 
stress responses and inflammation, the transcription factors nuclear 
factor erythroid 2-related factor 2 (Nrf2, (George et al., 2022)) and 
nuclear factor kappa-B (NFκB, (Liu et al., 2023)). While butyrate 
diminished the levels of the transcription factor Nrf2, no obvious trend 

was observed with curcumin or nano-curcumin (Fig. 5a). For several 
conditions, Nrf2 migrated as a doublet on denaturing polyacrylamide 
gels. The ECL signals for both bands were included in the quantification. 
Different posttranslational modifications have been reported for Nrf2 
(Hornbeck et al., 2015), which can explain the observed doublet. The 
physiological relevance of the doublet will have to be explored in future 
experiments. 

The activation of the transcription factor NFκB is a common conse-
quence of inflammaging. In our model system, the combination of free 
curcumin and butyrate increased the abundance of NFκB (Fig. 5a). By 
contrast, nano-curcumin diminished NFκB levels when butyrate was 

Fig. 4. Evaluation of senescence biomarkers in fibroblasts incubated with curcumin, butyrate, or curcumin/butyrate combinations. NIH3T3 cells were 
treated with different compounds as described in Materials and methods. Crude cell extracts were used for Western blotting. Results were normalized to vehicle 
controls. Molecular masses of marker proteins (Mr) in kDa are shown at the right margins of the blots. Graphs depict averages ±SEM for at least two independent 
experiments (n ≥ 2). Individual data points are represented by black circles, ●. One-way ANOVA with Bonferroni correction revealed significant differences relative 
to the vehicle control. Comparisons were performed within each experimental group (curcumin alone; curcumin/butyrate combinations); *, p < 0.05. Student’s t-test 
identified significant differences that were caused by the addition of butyrate; §, p < 0.05; §§, p < 0.01; §§§, p < 0.001. 
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present. Thus, under the conditions analyzed, nano-curcumin dampened 
pro-inflammatory responses more efficiently than free curcumin 
(Fig. S3). 

Profound changes were detected for the lysine deacetylase SIRT1, 
which is closely linked to aging and aging-associated diseases (He, 2016; 
You and Liang, 2023). Free curcumin led to a moderate loss in SIRT1 
abundance, whereas butyrate caused a marked and significant reduction 
of SIRT1 levels (Fig. 5a). 

3.5. Butyrate reduces the abundance of myosin light chain, a biomarker 
of fibrosis 

Wound healing is a complex process that proceeds through several 
phases; the orderly progression through these phases requires a delicate 
balance among fibroblast populations with different characteristics. 
Several aspects of fibroblast biology are relevant to wound healing and 
our study. First, the transient generation of senescent fibroblasts is a 
prerequisite for efficient wound healing (Wilkinson and Hardman, 
2020). Second, the transition of fibroblasts to myofibroblasts is neces-
sary for wound closure. Third, fibroblast senescence diminishes the 
fibroblast to myofibroblast transition (López-Antona et al., 2022). 
Fourth, persistent fibroblast activation is deleterious, as it promotes 
tissue and organ fibrosis (Migneault and Hébert, 2021; Salminen, 2023). 
Myofibroblasts are characterized by the elevated production of 
α-smooth muscle actin (SMA) and myosin light chain (MLC). Curcumin, 
nano-curcumin, and butyrate did not cause profound changes in SMA 
abundance (Fig. 5b). As well, curcumin and nano-curcumin had no 
significant effect on MLC. Notably, MLC was significantly reduced with 
butyrate (Fig. 5b). This confirms the role of butyrate as a safeguard 
against the transition of fibroblasts to myofibroblasts. 

Curcumin promotes wound healing through its impact on multiple 
cell types (Akbik et al., 2014). Based on our results, we propose that 
fibroblast senescence contributes to the curcumin-dependent benefits 
for tissue repair. The combination of curcumin and butyrate goes 
beyond the advantages afforded by curcumin alone. We hypothesize 
that the curcumin/butyrate combination limits fibrosis associated with 
wound healing through at least two scenarios which are not mutually 

exclusive. In particular, curcumin/butyrate reduces or limits the growth 
and transformation of fibroblast at the end of wound healing and/or 
restricts the progression of fibrosis. 

4. Conclusions 

Taken together, our study supports the model that free curcumin and 
nano-curcumin drive fibroblasts into senescence (Fig. 6); this process is 
further stimulated with butyrate. However, butyrate also significantly 
reduces the myofibroblast phenotype (Fig. 5b). We propose a possible 
mechanism that connects these events and is based on the changes of 
SIRT1 abundance (Fig. 5a). Our focus is on SIRT1, because curcumin 
stimulates the enzymatic activity of SIRT1, but also its degradation by 
the proteasome (Zendedel et al., 2018). The curcumin-mediated loss of 
SIRT1, especially in combination with butyrate, correlates with 
enhanced fibroblast senescence. The acquisition of a senescent pheno-
type limits the transition of fibroblasts to myofibroblasts (López-Antona 
et al., 2022; Salminen, 2023). As a result, hallmarks of tissue fibrosis are 
reduced. 

Compared with free curcumin, nano-curcumin produces qualita-
tively the same, although milder, reactions. One noteworthy exception is 
the curtailing of the inflammatory response, indicated by the loss of 
NFκB for the nano-curcumin/butyrate combination (Fig. 5a). A possible 
explanation for this phenomenon is a gradual and prolonged exposure of 
cells to curcumin that is delivered as a nanoformulation. Future exper-
iments will address this question. Taken together, our study sets the 
stage to develop therapeutic strategies that take advantage of curcumin, 
either alone or in combination with butyrate, for the therapeutic control 
of fibroblast senescence. 
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