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Abstract: In this study, ferulic acid was investigated for its potential in suppressing TNF-α-treated
inflammation and insulin resistance in adipocytes. Ferulic acid suppressed TNF-α, IL-6, IL-1β, and
MCP-1. TNF-α increased p-JNK and ERK1/2, but treatment with ferulic acid (1, 10, and 50 µM)
decreased p-JNK and ERK1/2. TNF-α induced the activation of IKK, IκBα, and NF-κB p65 compared
to the control, but ferulic acid inhibited the activation of IKK, IκBα, and NF-κB p65. Following
treatment with TNF-α, pIRS-1ser307 increased and pIRS-1tyr612 decreased compared to the control.
Conversely, as a result of treatment with 1, 10, and 50 µM ferulic acid, pIRS-1ser307 was suppressed,
and pIRS-1tyr612 was increased. Therefore, ferulic acid reduced inflammatory cytokine secretion by
regulating JNK, ERK, and NF-κB and improved insulin resistance by suppressing pIRS-1ser. These
findings indicate that ferulic acid can improve inflammation and insulin resistance in adipocytes.
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1. Introduction

Along with insulin resistance, obesity has gained substantial attention as a causative
factor of diabetes [1]. If obesity persists, inflammatory cells infiltrate the adipose tissue of
the body, resulting in increased secretion of cytokines, such as tumor necrosis factor-α (TNF-
α) [2]. TNF-α activates inflammation and promotes the generation of pro-inflammatory
factors, including interleukin-6 (IL-6), interleukin-1 beta (IL-1β), and monocyte chemoattrac-
tant protein-1 (MCP-1) [3–5]. TNF-α is mainly produced in adipocytes and the peripheral
tissues and induces tissue-specific inflammation, as well as insulin resistance, through the
generation of ROS and activation of various transcriptional mediated pathways, especially
mitogen-activated protein kinase (MAPK) pathway [6,7].

The MAPK pathway includes c-Jun N-terminal kinase (JNK), extracellular signal-
regulated kinase (ERK), and p38 [7]. The expression of pro-inflammatory cytokines is
controlled by the transcription factor activator protein 1 (AP-1) [8,9]. The activation of AP-1
is often a result of MAPK pathway regulation, particularly through the phosphorylation of
c-Jun by JNK and c-Fos expression by ERK1/2 [10]. When cells are stimulated by TNF-α,
the IkappaB kinase (IKK) complex becomes activated. This complex phosphorylates and
ubiquitinates IκBα [11]. The NF-κB transcription factor in the cytoplasm translocates to
the nucleus and initiates the transcription of various chemokines and cytokines, such as
IL-6, IL-1β, and MCP-1. TNF-α triggers production of pro-inflammatory cytokines and
increases IRS-1 serine phosphorylation by regulating the MAPK and NF-κB pathways,
thereby inducing inflammation and insulin resistance [12].

Ferulic acid is a hydroxycinnamic acid compound contained in vegetables as well
as in the seeds and cell walls of rice and oats. Ferulic acid has been demonstrated to
have antioxidant, anti-inflammatory, anticancer, and antidiabetic activities [13]. However,
the mechanism by which ferulic acid improves inflammation and insulin resistance in
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adipocytes remains unclear. In this study, we hypothesized that ferulic acid improves
inflammation and insulin resistance in TNF-α-treated adipocytes. Furthermore, if ferulic
acid has an improvement effect, there is a need to reveal its mechanism of action. Therefore,
the objectives of this study were to investigate the effect of ferulic acid on inflammation and
insulin resistance and reveal its mechanism of action in TNF-α-treated 3T3-L1 adipocytes.

2. Material and Methods
2.1. Cell Culture and Adipocyte Differentiation

The 3T3-L1 adipocytes were incubated in Dulbecco Modified Eagle Medium (DMEM,
4.5 mM glucose), with 10% Fetal Bovine Serum (FBS), at 37 ◦C. Cells were grown in 10%
DMEM, with 1 µM dexa-methasone, 0.5 mM isobutyl-methyl-xanthine, and 10 µg/mL
insulin. Thereafter, 3T3-L1 cells were incubated in DMEM with 10% FBS.

2.2. Enzyme-Linked Immunosorbent Assay

Then, 3T3-L1 adipocytes and RAW 264.7 cells (2 × 104 cells/well) were cultured in
96-well plates and stimulated with TNF-α (50 ng/mL) or LPS (1 µg/mL) for 24 h. Next,
they were treated with ferulic acid (1, 10, 20, and 50 µM concentrations) and incubated for
another 24 h (Figure 1). After cultivation, cells were separated from the culture supernatant,
and supernatant was collected. The ELISA kit (Lingo Research, Lingo, MO, USA) was used
to quantify cytokines and chemokines: mouse IL-1β (ab197742), mouse IL-6 (ab222503),
mouse MCP-1 (ab208979), and mouse TNF-α kit (Abcam; R&D Systems, Minneapolis, MN,
USA). ELISA was performed according to the manufacturer’s protocol, as provided in each
ELISA kit.
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Figure 1. Chemical structure of ferulic acid.

2.3. Cell Viability

Cell viability was evaluated using an MTT assay. In brief, cells were seeded and
treated with ferulic acid for 1 day. Following treatment, MTT solution (100 µL; 1 mg/mL)
was added to each well and incubated for 4 h at 37 ◦C. MTT-containing medium was
then removed, and the resultant crystals were dissolved in dimethyl sulfoxide (100 µL)
(Sigma-Aldrich, St. Louis, MO, USA). Subsequently, the optical density was measured at
540 nm using a microplate reader (Bio-Rad Laboratories Inc., Hercules, CA, USA).

2.4. Glucose Uptake Assay

Glucose uptake was performed by 2-[N-(7-nitrobenz-2-oxa-1, 3-diazol-4-yl)amino]-
2 deoxyglucose (2-NBDG; Invitrogen, Carlsbad, CA, USA) [14]. Differentiated 3T3-L1
adipocytes at a density of 1 × 104 cells/well were cultured with DMEM in 96-well plates.
Inflammation and insulin resistance were induced in the cells by treating them with TNF-α
(50 ng/mL) for 24 h. The cells were then treated with ferulic acid (1, 10, and 50 µM) for
24 h and exposed to insulin (100 nM) for 20 min. After removing the supernatant of the cell,
2-NBDG (10 µM) was added to each well. After 60 min, 2-NBDG uptake was investigated
using a fluorescence spectrophotometer (Perkin Elmer, Waltham, MA, USA). Excitation
and emission wavelengths (485 nm and 535 nm) were set. Glucose uptake was calculated
using the following equation (Equation (1)):

Glucose uptake =
Control absorbance − sample absorbace

Control absorbance
× 100 (1)
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2.5. Western Blot Assay

For total protein extraction from differentiated 3T3-L1 adipocytes, the cells were
washed twice with ice-cold phosphate-buffered saline (PBS) and harvested in a lysis buffer
(RIPA, 50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% sodium de-
oxycholate, 0.1% SDS, 1 mM phenylmethylsulfonyl fluoride (PMSF), 10 µg/mL aprotinin,
10 µg/mL leupeptin, 0.1 mM sodium orthovanadate at pH 7.4) on ice with shaking. After
centrifugation at 13,000× g for 10 min at 4 ◦C, the protein content of the resulting super-
natant was determined using a BCA protein assay kit (Bio-Rad Laboratories, Hercules, CA,
USA). Then, 20 µg of protein was subjected to electrophoresis by 10% SDS-poly acrylamide.
The separated proteins were transferred electrophoretically to nitrocellulose membrane,
blocked with skim milk for 1 h, and incubated with 1st anti-bodies (JNK, ERK1/2, p38,
c-Jun, c-Fos, AP-1, IKK, IκBα, NF-κB p65, IRS-1ser307, and IRStyr612; 1:1000) (Abcam,
Cambridge, UK). After that, the membrane was incubated with goat anti-rabbit or goat
anti-mouse 2nd anti-bodies. Complexes were visualized and detected with the luminosis
analyzer LAS-1000-Plus (Fujifilm, Tokyo, Japan). Band densities were determined using an
image analyzer (Multi Gauge V3.1, Fujifilm, Valhalla, NY, USA). The Band Analysis tools of
Image J software version 1.8.0 were used to select and determine the bands in all the gels.

2.6. Statistical Analysis

Results (n = 3) are expressed as the mean ± standard deviation (SD). Statistical analysis
was performed using SPSS version 29.0 (IBM Corp., Armonk, NY, USA). Treatment groups
were compared by one-way analysis of variance (ANOVA) followed by a post hoc Duncan’s
multiple-range test.

3. Results
3.1. Effect of Ferulic Acid on Inhibition of TNF-α Release in LPS-Induced RAW
264.7 Macrophages

TNF-α secreted from infiltrating macrophages is associated with inflammation [15].
Therefore, we investigated the TNF-α suppression effect of ferulic acid in LPS-induced
RAW macrophages. LPS increased TNF-α release, leading to a significant increase in TNF-α
levels by 261.81% compared to those of the control (Figure 2). But treatment with 1, 10, and
50 µM ferulic acid reduced TNF-α levels by 237.36%, 181.19%, and 130.26%, respectively.
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Figure 2. Effect of ferulic acid on the inhibition of TNF-α release in lipopolysaccharide (LPS)-
induced RAW 264.7 macrophages. The RAW 264.7 cells were incubated with LPS (1 µg/mL) for 24 h
and subsequently treated with 1, 10, and 50 µM ferulic acid for an additional 24 h. Each value is
presented as the mean ± standard deviation (n = 3). Values with different letters (a–e) are considered
significantly different at p < 0.05, as analyzed by Duncan’s multiple-range test.
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3.2. Effect of Ferulic Acid on Cell Viability and Reduction in Cytokines and Chemokines in
TNF-α-Treated Adipocytes

The effect of ferulic acid on the cell viability of adipocytes was assessed using the
MTT assay. We found that 1, 10, or 50 µM ferulic acid treatment did not affect cell
viability (Figure 3A). Thus, the possibility of cellular toxicity contributing to the anti-
inflammatory effect of ferulic acid on adipocytes was excluded. The levels of cytokines
and chemokines are shown in Figure 3B–D. IL-6 levels were increased by treatment with
TNF-α (153.29 pg/mL) compared to the control (14.49 pg/mL) (Figure 3B). When treated
with 1, 10, or 50 µM ferulic acid and TNF-α, IL-6 levels were decreased to 137.81, 113.64,
and 72.02 pg/mL, respectively. Similarly, IL-1β levels were increased by the treatment of
TNF-a (134.97 pg/mL) compared to the control (11.29 pg/mL) (Figure 3C). When treated
with 1, 10, or 50 µM ferulic acid and TNF-α, the levels of IL-1β were significantly decreased
to 117.35, 87.32, and 73.59 pg/mL, respectively. MCP-1 levels were increased by TNF-α
(160.37 pg/mL) compared to the control (23.10 pg/mL) (Figure 3D). However, when treated
with 1, 10, or 50 µM ferulic acid and TNF-α, MCP-1 levels were significantly decreased to
129.88, 84.04, and 62.60 pg/mL, respectively.

Nutrients 2024, 16, x FOR PEER REVIEW 4 of 12 
 

 

Figure 2. Effect of ferulic acid on the inhibition of TNF-α release in lipopolysaccharide (LPS)-
induced RAW 264.7 macrophages. The RAW 264.7 cells were incubated with LPS (1 µg/mL) for 24 
h and subsequently treated with 1, 10, and 50 µM ferulic acid for an additional 24 h. Each value is 
presented as the mean ± standard deviation (n = 3). Values with different letters (a–e) are considered 
significantly different at p < 0.05, as analyzed by Duncan’s multiple-range test. 

3.2. Effect of Ferulic Acid on Cell Viability and Reduction in Cytokines and Chemokines in  
TNF-α-Treated Adipocytes 

The effect of ferulic acid on the cell viability of adipocytes was assessed using the 
MTT assay. We found that 1, 10, or 50 µM ferulic acid treatment did not affect cell viability 
(Figure 3A). Thus, the possibility of cellular toxicity contributing to the anti-inflammatory 
effect of ferulic acid on adipocytes was excluded. The levels of cytokines and chemokines 
are shown in Figure 3B–D. IL-6 levels were increased by treatment with TNF-α (153.29 
pg/mL) compared to the control (14.49 pg/mL) (Figure 3B). When treated with 1, 10, or 50 
µM ferulic acid and TNF-α, IL-6 levels were decreased to 137.81, 113.64, and 72.02 pg/mL, 
respectively. Similarly, IL-1β levels were increased by the treatment of TNF-a (134.97 
pg/mL) compared to the control (11.29 pg/mL) (Figure 3C). When treated with 1, 10, or 50 
µM ferulic acid and TNF-α, the levels of IL-1β were significantly decreased to 117.35, 
87.32, and 73.59 pg/mL, respectively. MCP-1 levels were increased by TNF-α (160.37 
pg/mL) compared to the control (23.10 pg/mL) (Figure 3D). However, when treated with 
1, 10, or 50 µM ferulic acid and TNF-α, MCP-1 levels were significantly decreased to 
129.88, 84.04, and 62.60 pg/mL, respectively. 

 
Figure 3. Effect of ferulic acid on cell viability and the reduction in cytokines and chemokines in 
TNF-α-treated adipocytes. (A) Cytotoxic effects of HM-chromanone. (B) Production of interleukin 
(IL)-6. (C) Production of IL-1β. (D) Production of monocyte chemoattractant protein (MCP)-1. Each 
value is presented as the mean ± standard deviation (n = 3). Values with different letters (a–e) are 
significantly different at p < 0.05, as analyzed by Duncan’s multiple-range test. NS: Not Significant. 

Figure 3. Effect of ferulic acid on cell viability and the reduction in cytokines and chemokines in
TNF-α-treated adipocytes. (A) Cytotoxic effects of HM-chromanone. (B) Production of interleukin
(IL)-6. (C) Production of IL-1β. (D) Production of monocyte chemoattractant protein (MCP)-1. Each
value is presented as the mean ± standard deviation (n = 3). Values with different letters (a–e) are
significantly different at p < 0.05, as analyzed by Duncan’s multiple-range test. NS: Not Significant.
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3.3. Effect of Ferulic Acid on the MAPK Pathway in TNF-α-Treated Adipocytes

The data show that TNF-α increased p- JNK, ERK1/2, and p38 by 267.38%, 273.80%,
and 256.27%, respectively, compared to the control (100%) (Figure 4A,B). In contrast, ferulic
acid treatment dose-dependently decreased p-JNK and ERK1/2. p- JNK and ERK1/2 were
inhibited by 220.04%, 200.43%, and 177.94 and 241.11%, 215.90%, and 187.36% with 1, 10,
and 50 µM ferulic acid, respectively. However, it did not affect the phosphorylation of
p38. These effects were confirmed using JNK and ERK1/2 inhibitors. The JNK inhibitor,
SP600125, inhibited JNK phosphorylation in TNF-α-treated cells (Figure 4C,D), while the
ERK1/2 inhibitor, FR180204, inhibited ERK1/2 phosphorylation under TNF-α treatment
(Figure 4E,F). Moreover, treatment with ferulic acid and SP600125 or FR180204 inhibited
TNF-α-treated JNK and ERK1/2 more than treatment with the JNK or ERK inhibitor alone.
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Figure 4. Effect of ferulic acid on the MAPK pathway in TNF-α-treated adipocytes. (A) Expression
of phosphorylated JNK, pERK1/2, and p38 was determined using Western blotting. (B) Expression
values of pJNK, pERK1/2, and p38. (C) Expression of pJNK was assessed with SP600125 (40 µM,
JNK inhibitor). (D) Expression values of pJNK with SP600125 treatment. (E) Expression of pERK1/2
was examined with FR180204 (10 µM, ERK1/2 inhibitor). (F) Expression values of pERK1/2 with
FR180204 treatment. β-actin was utilized as the loading control. Each value is presented as the
mean ± standard deviation (n = 3). Values with different letters (a–e) are significantly different at
p < 0.05, as analyzed by Duncan’s multiple-range test.

3.4. Effect of Ferulic Acid on the Expression of c-Jun, c-Fos, and AP-1 in TNF-α-Treated Adipocytes

We evaluated the effects of ferulic acid on c-Jun, c-Fos, and AP-1 in TNF-α-treated
adipocytes (Figure 5). C-Jun and c-Fos, due to TNF-α, were increased by 273.49% and
281.04%, respectively, compared to the control (100%). However, treatment with 1, 10,
and 50 µM ferulic acid in combination with TNF-α reduced the phosphorylation of c-Jun
(by 238.16%, 211.07%, and 154.42%, respectively) and c-Fos (by 247.78%, 213.65%, and
188.12%, respectively). Additionally, AP-1 was elevated by 326.17% by TNF-α compared to
the control, but it was inhibited by 287.08%, 243.33%, and 182.15% with 1, 10, and 50 µM
ferulic acid.
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(B) Expression values of c-Jun, c-Fos, and AP-1. β-actin was used as the loading control. Each value is
presented as the mean ± standard deviation (n = 3). Values with different letters (a–e) are significantly
different at p < 0.05, as analyzed by Duncan’s multiple-range test.

3.5. Effect of Ferulic Acid on the NF-κB Pathway in TNF-α-Treated Adipocytes

IKK, IκBα, and NF-κB p65 were increased by 301.34%, 326.77%, and 286.20%, re-
spectively, upon TNF-α treatment compared to the control (100%) (Figure 6). However,
treatment with ferulic acid decreased the phosphorylation of IKK, IκBα, and NF-κBp65.
Treatment with both ferulic acid and Bay 11-7082 (NF-κB inhibitor) inhibited NF-κB phos-
phorylation to a greater extent than treatment with the NF-κB inhibitor alone in TNF-α-
treated adipocytes, indicating that ferulic acid inhibits p-NF-κB (Figure 6C,D).
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Figure 6. Effect of ferulic acid on the NF-κB pathway in TNF-α-treated adipocytes. (A) Expression
of inhibitor kappa B (IκB) kinase (IKK), IκBα, and NF-κB/p65 was determined using Western
blotting. (B) Expression values of IKK, IκBα, and NF-κB/p65. (C) Expression of pNF-κB/p65 was
examined with Bay11-7082 (10 µM, NF-κB/p65 inhibitor). (D) Expression values of pNF-κB/p65
with Bay11-7082 treatment. β-actin was utilized as the loading control. Each value is presented as
the mean ± standard deviation (n = 3). Values with different letters (a–e) are significantly different at
p < 0.05, as analyzed by Duncan’s multiple-range test.
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3.6. Effect of Ferulic Acid on the Phosphorylation of IRS-1 Residues in TNF-α-Treated Adipocytes

The effect of ferulic acid on p-IRS-1 residues in TNF-α-treated adipocytes was investi-
gated (Figure 7). The phosphorylation of IRS-1serine 307, induced by TNF-a, was increased
by 330.83%. However, ferulic acid (10, 20, 50 µM) treatment significantly decreased p-
IRS-1ser (295.06%, 214.27%, and 153.49%, respectively). But the phosphorylation of IRS-1
tyrosine 612, following TNF-α, was decreased by 42.37% compared to the control. However,
ferulic acid treatment significantly increased p- IRS-1tyr (10, 20, 50 µM: 58.29%, 64.54%, and
81.1%, respectively). This indicates that ferulic acid inhibits IRS-1ser307 phosphorylation
and increases IRS-1tyr612 phosphorylation in TNF-α-treated adipocytes.
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adipocytes. (A) Expressions of IRS-1serine (ser)307 and IRS-1tyrosine (tyr)612 were determined using
Western blotting. (B) Expression values of IRS-1 (ser307) and IRS-1 (tyr612). β-actin was used as the
loading control. Each value is expressed as mean ± standard deviation (n = 3). a–e Values with other
letters are significantly different at p < 0.05, as analyzed by Duncan’s multiple-range test.

3.7. Effect of Ferulic Acid on Insulin-Stimulated Glucose Uptake in TNF-α-Treated Adipocytes

Uptake of 2-DG glucose was assessed following treatment of TNF-α in adipocytes
(Figure 8). When cells were treated with TNF-α, glucose uptake decreased 1.97-fold. How-
ever, glucose uptake was restored concentration-dependently with ferulic acid treatment.
Treatment with 1, 10, and 50 µM ferulic acid of TNF-α significantly increased glucose
uptake (by 2.23-fold, 2.68-fold, and 3.46-fold, respectively).
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Figure 8. Effect of ferulic acid on insulin-stimulated glucose uptake in TNF-α-treated adipocytes.
Differentiated 3T3-L1 adipocytes at a density of 1 × 104 cells/well were cultured with DMEM in
96-well plates. Inflammation and insulin resistance were induced in the cells by treating them with
TNF-α (50 ng/mL) for 24 h. The cells were then treated with ferulic acid (1, 10, and 50 µM) for
24 h and exposed to insulin (100 nM) for 20 min. Each value is expressed as the mean ± standard
deviation (n = 3). a–f Values with other letters are significantly different at p < 0.05, as analyzed by
Duncan’s multiple-range test.
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4. Discussion

Infiltrated macrophages release TNF-α, which can induce insulin resistance in
adipocytes [16]. According to our preliminary experiment, ferulic acid (1 to 50 µM) sig-
nificantly inhibits TNF-α production in LPS-treated RAW cells. In addition, treatment with
ferulic acid (50 µM) showed upregulation of antioxidant defenses and suppression of inflam-
matory events by inhibiting NFκB activation [17]. Thus, the 1 µM and 50 µm treatments,
which show an anti-inflammatory effect, were selected and used for the experiments. Our
results indicate that ferulic acid (1–50 µM), a type of phenolic acid, dose-dependently inhibited
TNF-α production in LPS-treated RAW cells. According to the findings of Kwon et al., caffeic
acid inhibits LPS-mediated TNF-α production in RAW cells [18]. In addition, various phenolic
compounds, such as quercetin and luteolin, which contain hydroxyl groups, have been ob-
served to exhibit stronger effects than non-hydroxyl-containing compounds on the inhibition
of TNF-α production in RAW cells [19]. The inhibition of TNF-α production by phenolic
compounds is thought to be closely related to their chemical structures. Ferulic acid possesses
one hydroxyl group and one methoxy group in its structure [19]. The structure of ferulic acid
may partially contribute to reducing TNF-α production secreted from macrophages.

TNF-α plays a crucial role in inflammation. It triggers the inflammatory signaling path-
way in adipocytes, leading to the generation of inflammatory cytokines and chemokines like
IL-1β, IL-6, and MCP-1 [20]. Recent studies have identified IL-1β as a potential contributor
to the development of insulin resistance and type 2 diabetes [21]. Inhibition of IL-1β has
been shown to reduce hyperglycemia and inflammation in obese mice and diabetic rats [22].
Furthermore, among the pro-inflammatory cytokines, IL-6 emerged as one of the potential
mediators that links obesity-derived chronic inflammation to insulin resistance [23,24]. Its
expression can be induced by other inflammatory cytokines, such as IL-1β. As with TNFα,
the plasma level of IL-6 increases with obesity and insulin resistance [25]. Elevated levels
of IL-6 and IL-1β have been shown to increase the risk of type 2 diabetes [26]. MCP-1 is one
of the key chemokines that promotes direct macrophage infiltration into adipose tissue [27].
Increased MCP-1 expression in adipose tissue contributes to chronic inflammation and
insulin resistance [28].

In our study, TNF-a treatment similarly increased the levels of IL-1β, IL-6, and MCP-1
in adipocytes. However, treatment with ferulic acid effectively suppressed the production
of cytokines and chemokines in TNF-α-treated adipocytes. According to one study, cate-
chin, a natural polyphenolic compound, can attenuate the inflammatory response triggered
by TNF-a through the inhibition of IL-1β and IL-6 in 3T3-L1 adipocytes [29]. In addi-
tion, piceatannol, a naturally occurring polyphenolic compound, considerably suppressed
the release of TNF-α and the secretion of IL-6, IL-1β, and MCP-1, thereby attenuating
pathological inflammation in adipose tissue [30,31]. These results suggest that ferulic acid
might alleviate inflammation by suppressing the production of IL-6, IL-1β, and MCP-1 in
TNF-α-treated adipocytes.

MAPKs comprise three major members: JNK, ERK1/2, and p38 [32–35]. Our study
showed that TNF-α increased the phosphorylation of p-JNK, ERK1/2, and p38. Conversely,
ferulic acid reduced JNK and ERK1/2 phosphorylation, but no significant change was
observed in p38 phosphorylation. This was confirmed by using inhibitors of the MAPK
pathway. The JNK inhibitor SP600125 inhibited JNK phosphorylation in TNF-α-treated
cells, whereas the ERK1/2 inhibitor FR180204 inhibited ERK1/2 phosphorylation under
TNF-α treatment. In addition, treatment with ferulic acid and SP600125 or FR180204 inhib-
ited TNF-α-induced JNK and ERK1/2 phosphorylation to a greater extent than treatment
with the JNK or ERK inhibitor alone. Additionally, c-Jun phosphorylation was inhib-
ited through the reduction in JNK phosphorylation; c-Fos phosphorylation was inhibited
through the reduction in ERK1/2 phosphorylation, and AP-1 expression was suppressed
through these pathways. Fernanda et al. (2021) demonstrated that hydroxycinnamic acid
derivatives, such as coumaric acid, possessed strong anti-inflammation effects. Addition-
ally, hydroxycinnamic acid derivatives also inhibited JNK and ERK1/2, as well as c-Fos,
consequently inhibiting the expression of AP-1 [36–38]. According to one study, the re-
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moval of the hydroxyl group resulted in the loss of the JNK inhibitory effect in phenolic
compounds [39,40]. Therefore, it can be assumed that the hydroxyl group contributes to
the ability of ferulic acid to reduce JNK activation and AP-1 expression.

In general, the NF-κB complex exists in an inactive state in the cytoplasm. When
stimulated by molecules such as TNFα, or other cell stressors, TNFα binds to TNF receptors.
This binding, via several intermediate steps, leads to an interaction with the IκB kinase
(IKK) complex, which then leads to the phosphorylation of IκB, and subsequently results
in IκB ubiquitination and degradation [41]. After being degraded by the proteasome,
NF-κB p65 is released and translocated into the nucleus, inducing the expression of the
inflammatory cytokines MCP-1 and IL-6, causing an inflammatory response [42,43]. Our
study demonstrated that ferulic acid inhibited IKK and IκBα phosphorylation as well as
NF-κB activation. Quercetin substantially inhibited IKK and IκBα phosphorylation and
reduced NF-κB and AP-1 activity in TNF-induced adipocytes [44,45]. Treatment with
luteolin, a type of flavonoid, in SW982 cells has been found to substantially decrease TNF-α
and IL-6 production, inhibit MAPKs (JNK and p38), and activate NF-κB transcription
factors. Collectively, these results suggest that ferulic acid can inhibit TNF-α-induced
inflammation by regulating the IKK/NF-κB signaling pathway in adipocytes.

JNK and IKK activated by TNF-α promote the serine phosphorylation of IRS-1, ulti-
mately impairing insulin action and downregulating glucose uptake in adipocytes [46–48].
However, ferulic acid reversed the TNF-α-induced increase in IRS-1 serine phosphorylation
and decrease in IRS-1 tyrosine phosphorylation by inhibiting JNK and IKK. In addition,
ferulic acid increased glucose uptake in 3T3-L1 adipocytes. Although our study provided
novel insights into the effects of ferulic acid on improvement in inflammation and insulin
resistance by regulating the JNK/ERK and NF-κB pathways in TNF-α-treated adipocytes,
the results obtained should be evaluated in an animal model, and finally, in a clinical trial.

5. Conclusions

TNF-a triggered the JNK/ERK and NF-κB signaling pathways. But ferulic acid inhib-
ited the secretion of the inflammatory cytokines TNF-α, IL-6, and IL-1β, along with the
chemokine MCP-1. Ferulic acid suppressed JNK/ERK1/2, blocked IκBα phosphorylation,
and inhibited NF-κB. Additionally, ferulic acid reduced pIRS-1ser, while increasing tyro-
sine 612 phosphorylation of IRS-1, thus restoring glucose uptake. These results suggest
that ferulic acid could ameliorate inflammation and insulin resistance by regulating the
JNK/ERK and NF-κB pathways in TNF-α-treated adipocytes (Figure 9).
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