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Abstract: This study investigates the potential of 4-hexylresorcinol (4HR) as a novel antidiabetic
agent by assessing its effects on blood glucose levels, Glut4 expression, AMPK phosphorylation,
and Histone H3 acetylation (Ac-H3) in the liver. In vitro experiments utilized Huh7 and HepG2
cells treated with varying concentrations of 4HR. Glut4, p-AMPK, and Ac-H3 expression levels were
quantified via Western blotting. Additionally, GAPDH activity and glucose uptake were evaluated.
In vivo experiments employed streptozotocin (STZ)-induced diabetic rats, with or without 4HR
treatment, monitoring blood glucose, body weight, and hepatic levels of Glut4, p-AMPK, and Ac-H3.
In vitro, 4HR treatment increased GAPDH activity and glucose uptake. Elevated Glut4, p-AMPK, and
Ac-H3 levels were observed 8 h after 4HR administration. Inhibition of p-AMPK using compound C
reduced 4HR-mediated Glut4 expression. In STZ-induced diabetic rats, 4HR significantly upregulated
Glut4, p-AMPK, and Ac-H3 expression in the liver. Periodic 4HR injections mitigated weight loss
and lowered blood glucose levels in STZ-injected animals. Histological analysis revealed increased
glycogen storage in hepatocytes of the 4HR-treated group. Overall, 4HR enhanced Glut4 expression
through upregulation of AMPK activity and histone H3 acetylation in vitro and in vivo, improving
hepatic glucose homeostasis and suggesting potential as a candidate for diabetes treatment.

Keywords: 4-hexylresorcinol; AMPK; Glut; diabetic complications; histone deacetylase inhibitor

1. Introduction

Diabetes mellitus (DM), characterized by persistent hyperglycemia, represents a sig-
nificant global health challenge. As of 2021, an estimated 529 million adults worldwide
were affected by diabetes, with projections anticipating a staggering rise to 1.31 billion
by 2050 [1]. While DM is broadly categorized into type I (insulin-dependent) and type
II (insulin-independent), its heterogeneity is increasingly recognized [2]. Uncontrolled
diabetes gives rise to acute and chronic complications. Acute complications encompass
diabetic ketoacidosis, hyperglycemic hyperosmolar state, lactic acidosis, and hypoglycemia,
while chronic complications involve microvascular and macrovascular disorders. Mi-
crovascular complications manifest as neuropathy, nephropathy, and retinopathy, whereas
macrovascular complications include cardiovascular disease, stroke, and peripheral vascu-
lar disease. Effective diabetes management is essential for enhancing quality of life and
mitigating certain complications, thus reducing the associated socioeconomic burden [3].
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However, given the persistence of complications even with optimal glycemic control, there
is an urgent need for innovative treatment strategies [4,5].

Streptozotocin (STZ), a selective pancreatic beta-cell toxin, is widely employed to
induce type 1 diabetes mellitus (DM) in animal models. In combination with a high-fat
diet, STZ is also used to simulate type 2 DM, making it versatile for studying both types of
diabetes [6]. By selectively destroying these cells, STZ leads to a significant reduction in
serum insulin levels, resulting in hyperglycemia akin to type 1 DM [6,7]. Beyond its impact
on insulin, STZ-induced DM involves mitochondrial dysfunction [8]. The generation of
reactive oxygen species (ROS) within mitochondria induces oxidative stress, damaging
mitochondrial DNA, proteins, and lipids, thereby impairing mitochondrial function [9,10].
Consequently, energy metabolism disruption occurs, particularly in insulin-sensitive tissues
like muscle and liver [11]. Mitochondrial dysfunction in pancreatic beta cells and other
insulin-sensitive tissues, such as muscle and liver, exacerbates insulin resistance and promotes
cellular apoptosis, rendering STZ-injected animals a valuable model for studying type 1 DM
pathophysiology and potential therapeutic interventions [6,7,12].

Additionally, AMP-activated protein kinase (AMPK), a pivotal energy sensor and
metabolic regulator, exhibits reduced phosphorylation in STZ-induced diabetic models,
notably in renal and hepatic tissues, further complicating metabolic dysregulation [13,14].
Histone acetylation changes have been observed predominantly in pancreatic beta cells [15]
but may also affect liver and kidney tissues, which express GLUT2 and are directly influ-
enced by STZ exposure [16]. Diminished AMPK activation contributes to impaired glucose
uptake and fatty acid oxidation, underpinning the observed hyperglycemia and lipid ac-
cumulation in diabetes [17]. Additionally, histone acetylation, an epigenetic modification
influencing gene expression, is typically elevated in STZ-induced diabetic animals [18].
Strategies involving histone deacetylase inhibitors hold promise for mitigating DM compli-
cations [19]. Increased histone H3 acetylation (Ac-H3) correlates with enhanced glucose
uptake in muscle cells [20].

4-Hexylresorcinol (4HR), a natural phenolic compound, exhibits diverse biological
activities, including antioxidative, antimicrobial, and chaperone-like functions [21]. As a
chaperone, 4HR interacts with proteins, ensuring their proper conformation and stability,
thereby preventing protein misfolding and aggregation—a process linked to cellular stress
responses [22,23]. Notably, 4HR’s unique ability to penetrate cellular membranes allows
it to exert chaperone activity across various cellular compartments, including mitochon-
dria [24]. Additionally, 4HR acts as a histone deacetylase inhibitor, leading to increased
levels of Ac-H3 [25]. This epigenetic modification, coupled with its antioxidative proper-
ties, positions 4HR as a promising candidate for diabetes therapy [26]. Previous studies
have demonstrated that 4HR administration alleviates diabetes-related complications in
bone [27], taste buds [28], and testes [29]. 4HR is widely used in cosmetics for its anti-aging,
anti-inflammatory, and skin-lightening effects due to strong tyrosinase inhibition [30]. It
also serves as an anti-browning agent in food preservation, although its long-term safety
requires further study [31]. In antiseptics, 4HR offers moderate antibacterial effects, while
in lozenges, it provides pain relief and virucidal properties beneficial for sore throat treat-
ment [32].

Glucose transporter type 4 (Glut4), primarily found in insulin-sensitive tissues such as
skeletal muscle, cardiac muscle, and adipose tissue, plays a crucial role in glucose home-
ostasis [33,34]. Its movement between the plasma membrane and intracellular vesicles
is tightly regulated by an insulin-dependent mechanism or the AMPK pathway. Upon
insulin signaling, Glut4 translocates from intracellular storage vesicles to the cell surface,
facilitating glucose uptake from the bloodstream into the cells [35]. This process is essen-
tial for maintaining normal blood glucose levels and providing energy substrates to cells.
Dysregulation of Glut4 function can lead to insulin resistance, metabolic reprogramming,
inflammation, and even cancer [36]. Interestingly, 4HR administration increases Glut4
expression in the liver [37]. Given that Glut4 expression can be modulated by AMPK phos-
phorylation and Ac-H3 [38], we hypothesize that 4HR administration may enhance AMPK
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activation and histone acetylation. To test this hypothesis, we conducted a comprehensive
series of in vitro and in vivo experiments, aiming to elucidate the effects of 4HR on blood
glucose levels, uncover its underlying mechanisms, and evaluate its potential as a novel
antidiabetic agent.

2. Results
2.1. The Administration of 4HR Increases Glut4 Expression via Ac-H3 and p-AMPK Mediated
Pathway

First, we tested the effect of 4HR on GAPDH because GAPDH is the sixth step of
glycolysis and plays an essential in glycolysis as well as in several non-metabolic processes,
including transcription activation, apoptosis, ER-to-Golgi vesicle shutting, and axoplasmic
transport [39]. The treatment of 4HR increased the GAPDH activity (Figure 1A) and 2-[N-(7-
Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino]-2-deoxy-D-glucose (2-NBDG) uptake (Figure 1B).
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Figure 1. The effect of 4HR on GAPDH activity and glucose uptake. (A) GAPDH activity was
assessed using an ELISA assay under dose-dependent treatment with 4HR. The administration of
4HR significantly increased GAPDH activity compared to the untreated control. (n = 3 for each group,
* p < 0.05 and ** p < 0.01). (B) A glucose uptake assay was conducted in HepG2 cells treated with
2-NBDG, a fluorescent tracer, for 2 h in a glucose-free medium, with varying doses of 4HR. The “N”
(blue bar) represents the blank condition, with no reagent added (n = 4 for each group, * p < 0.05 and
** p < 0.01).

Next, we checked the expression of Glut4. 4HR increased the expression level of
Glut4 at 8 h after treatment in both HepG2 and Huh7 cells (Figure 2A). The activation of
AMPK is critical for Glut4 expression [40]. The elevated Ac-H3 is also associated with the
increased expression of Glut4 [41]. Indeed, 4HR increased Ac-H3 and p-AMPK at two-time
points at 2 h and 8 h. Even 4HR with 0.1 µM concentration increased Ac-H3, p-AMPK, and
Glut4 levels (Figure 2B). The compound C has been used as a p-AMPK inhibitor in several
experiments [40,42]. When cells were pre-treated with compound C, the expression level
of AMPK was not changed significantly. However, the compound C pre-treatment highly
suppressed the AMPK activation, as shown in the p-AMPK levels (Figure 2C). Compound C
pre-treatment also suppressed 4HR-mediated upregulated expression of Glut4 (Figure 2C).
Interestingly, the Ac-H3 level was also highly suppressed by the compound C pre-treatment
(Figure 2C).

2.2. The Effect of a Single 4HR Injection on Blood Glucose Level

The blood glucose level was increased at 30 min after intraperitoneal dextrose injection
in all groups (Figure 3A). Then, the glucose level decreased until 120 min, and the decrease
was most prominent in the insulin-injected group (Figure 3A). The blood glucose level
of the STZ group was 528.9 ± 66.9 mg/dL at 120 min, and it was 343.7 ± 128.0 mg/dL,
458.0 ± 45.6 mg/dL, and 388.9 ± 111.2 mg/dL for the insulin group, 4HR10 group, and
4HR50 group, respectively (Figure 3B). The difference among groups was statistically
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significant (p = 0.011). In the multiple comparison tests, the difference between the STZ and
insulin groups was statistically significant (p = 0.012). In addition, the difference between
the STZ and 4HR50 groups was statistically significant (p = 0.044).
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Figure 2. The effect of 4HR on glucose homeostasis-related protein expression in vitro. (A) The ex-
pression level of Glut1 and Glut4 after administration in HepG2 cells and Huh7 cells. The expression
level of Glut4 was increased at 8 h in HepG2 and at 24 h in Huh7 cells after 4HR administration.
(B) Western blot for Glut4, p-AMPK and Ac-H3 in HepG2. The expression level of p-AMPK and
Ac-H3 were increased with Glut4 increase at 2 and 8 h after 4HR administration. (C) The application
of compound C (the inhibitor for AMPK activation) inhibited the expression of p-AMPK without
significant inhibition of AMPK. Consequently, 4HR associated elevation of Glut4 was alleviated by
compound C application. Each Western blot experiment was conducted in triplicate.
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Figure 3. An inhibitory effect of 4HR on STZ-induced diabetes models. (A) Glucose tolerance test
(FBG: fasting blood glucose). Blood glucose levels increased 30 min after intraperitoneal dextrose
injection in all groups. Subsequently, glucose levels decreased until 120 min, with the most prominent
decrease observed in the insulin-injected group. Interestingly, the 4HR50 group also demonstrated a
comparable decrease in blood glucose levels to that observed in the insulin-injected group. (B) Blood
glucose levels were measured using a blood glucose assay kit after the administration of insulin,
4HR10, and 4HR50 at 120 min. Multiple comparison tests were performed among groups. Both the
Insulin and 4HR50 groups showed significantly lower blood glucose levels compared to the STZ
group (n = 7 for the STZ group, 5 for the insulin group, 6 for the 4HR10 group, 7 for the 4HR50 group,
* p < 0.05).

Next, we determined the critical markers for glucose metabolism in liver tissue and
paraffin-embedded samples (Figure 4). Compared to healthy liver tissue, the STZ group
showed decreased activation of AMPK, presenting as the level of p-AMPK and Ac-H3
(Figure 4A). Insulin injection in STZ animals did not significantly increase the Glut4 ex-
pression level (Figure 4B). However, insulin treatment increased the activation of AMPK
(Figure 4C). Interestingly, 4HR injection increased Glut4, p-AMPK, and Ac-H3 levels com-
pared to the STZ-only group (Figure 4B–D). The immunohistochemical staining of these
markers showed a similar increase in expression level as shown in the Western blot analysis
(Figure 4E).

2.3. The Effect of Regular Drug Injection on Body Weight

The rat sizes of the STZ group and STZ/4HR groups were smaller than the control
and 4HR groups (Figure 5A). The body weight of the STZ groups showed a continuous
decrease after STZ injection, whereas the STZ/4HR group showed less decrease than the
STZ group (Figure 5B). Accordingly, the body weight of STZ groups was significantly
lower than that of the control and 4HR groups (Figure 5C). The body weight at 9 weeks
after animal arrival was 190.7 ± 32.5 g, 248.0 ± 56.6 g, 515.0 ± 34.0 g, and 498.7 ± 31.1 g
in the STZ, STZ/4HR, control, and 4HR groups, respectively (Figure 5C). The difference
among groups was statistically significant (p < 0.001). In the multiple comparison test, the
difference between STZ and STZ/4HR groups was statistically significant (p = 0.014). In
addition, the difference between STZ-injected and STZ-uninjected groups was statistically
significant (p < 0.001). The fasting blood glucose level at 9 weeks after animal arrival was
585.5 ± 118.3 mg/dL, 507.9 ± 60.2 mg/dL, 164.0 ± 15.9 mg/dL, and 160.5 ± 14.0 mg/dL
in the STZ, STZ/4HR, control, and 4HR groups, respectively (Figure 5D). The difference
among groups was significant (p < 0.001). In the multiple comparison tests, the difference
between STZ-injected and STZ-uninjected groups was statistically significant (p < 0.001).
However, the difference between the STZ and the STZ/4HR groups was not statistically
significant (p = 0.064).
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Figure 4. The effect of 4HR on glucose homeostasis-related protein expression in STZ-induced
diabetes models. Rats induced with streptozotocin (STZ) were treated with a single injection of either
insulin (10 mg/kg), or 4HR at doses of 10 mg/kg (4HR10) or 50 mg/kg (4HR50). Total proteins were
extracted from the liver tissues of the rats using RIPA buffer, 2 h post-injection. (A) Total protein
extracts (10 µg) were used for Western blot analysis. Each Western blot experiment was conducted in
triplicate (n = 3 for each group). The levels of Glut4 (B), p-AMPK (C), and Ac-H3 (D) were quantified
by densitometer (** p < 0.01, *** p < 0.001 and **** p < 0.0001). (E) Immunohistochemical analysis
of Glut4, p-AMPK, and Ac-H3. Paraffin-embedded slides of each group were stained with each
antibody and brown positive signals were shown (original magnification ×200).

In histological analysis, the STZ group showed weak periodic acid–Schiff (PAS)-
positive staining, as shown by a patchy appearance of magenta color (Figure 6A). The PAS-
positive area was identified outside the hepatocytes, representing increased extracellular
matrix components. Both control and 4HR groups showed that the hepatocytes appeared
pink to magenta due to the abundant glycogen stored in the cytoplasm. Interestingly, the
STZ/4HR group also showed a similar pattern of PAS staining to the control and 4HR
group. Glut4, Ac-H3, and p-AMPK were higher in 4HR treated groups (STZ/4HR and
4HR) (Figure 6A). When comparing the intensity of PAS staining among groups, the STZ
group showed significantly lower staining intensity compared to STZ/4HR, control, and



Int. J. Mol. Sci. 2024, 25, 12281 7 of 18

4HR groups (p = 0.0005 for STZ/4HR and <0.0001 for control and 4HR group) (Figure 6B).
Western blot analysis showed these changes after 4HR administration (Figure 7).
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Figure 5. The change in body weight and blood sugar levels under periodic 4HR treatment. Rats
in the STZ/4HR group and the 4HR group received 10 mg/kg/week of 4HR for 8 weeks. (A) Rat
sizes were measured at the time of sacrifice and were taken pictures. (B) Rat body weights were
measured weekly in each group. The rats that received STZ showed a lower body weight compared
to other groups. (C) The comparison of body weight among STZ-treated and untreated groups.
The STZ/4HR group had significantly higher body weight compared to the STZ group (* p < 0.05).
(D) The comparison of fasting blood glucose (FBG) level. The FBG levels of the STZ and STZ/4HR
groups were higher compared to the control and 4HR groups (n = 10 for each group).
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Figure 6. Impaired liver glycogen storage function rescued by periodic 4HR treatment in STZ-
induced diabetes models. (A) In the case of PAS staining, healthy livers (control and 4HR group)
showed a robust magenta color because of the high glycogen content. However, the liver of the
STZ-injected group showed weak magenta staining because of significant depletion of glycogen
stores. Interestingly, the STZ/4HR group showed intense magenta staining comparable to the healthy
liver. The expression level of Glut4, Ac-H3, and p-AMPK were higher in the 4HR and STZ/4HR
groups than in 4HR-uninjected groups (original magnification ×200. In the case of PAS staining,
counterstained with hematoxylin and light green). (B) The quantitative analysis of PAS staining. The
PAS staining intensity was significantly lower in the STZ group than in other groups (n = 10 for each
group, *** p < 0.001, **** p < 0.0001).
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Figure 7. Determination of Glut4, p-AMPK, and Ac-H3 levels of rat liver after periodic injection
of 4HR. (A) Total protein extracts from rat liver were analyzed using Western blotting to assess the
expression levels of Glut4, p-AMPK, and Ac-H3. The expression of these proteins was elevated in
the 4HR-treated groups. Quantification of protein levels was performed using specific antibodies for
(B) Glut4, (C) Ac-H3, and (D) p-AMPK (n = 3 for each group, *** p < 0.001, **** p < 0.0001). Each
Western blot experiment was conducted in triplicate.

3. Discussion

The therapeutic potential of 4HR in alleviating STZ-induced complications remains
an area of active investigation, particularly regarding blood glucose regulation [27–29].
In this study, we explored the mechanistic underpinnings of 4HR’s effects. First, we
examined its impact on GAPDH, a key enzyme in glycolysis that also participates in
non-metabolic processes such as transcription activation, apoptosis, ER-to-Golgi vesicle
shutting, and axoplasmic transport [43]. Given 4HR’s association with dormancy induction
in microorganisms [22], we hypothesized that it might modulate energy metabolism,
potentially conferring a survival advantage by facilitating cell wall creation and reducing
overall metabolism [44]. Notably, protein-ligand interaction simulations revealed 4HR’s
high affinity for GAPDH [37]. Consequently, we investigated 4HR’s effect on GAPDH
activity directly using recombinant GAPDH, revealing an increase in GAPDH activity
following 4HR administration (Figure 1A). Under diabetic conditions, GAPDH activity is
decreased [45], which is associated with increased oxidative stress [46]. Given that oxidative
stress and cellular apoptosis are associated with diabetes [27–29,47] as well as impaired
GAPDH activity, this 4HR-mediated increased activity of GAPDH may hold promise for
mitigating diabetes-associated complications.

Furthermore, 4HR treatment enhanced cellular glucose uptake (Figure 1B). Glucose
transporter proteins, including Glut1 to Glut4, play pivotal roles in intracellular glucose
uptake [48]. Among the Gluts, Glut4 is the predominant form in the liver. In our study, 4HR
administration increased Glut4 expression in both HepG2 and Huh7 cells (Figure 2A). 4HR
concurrently elevated Ac-H3 and p-AMPK levels at 2 and 8 h (Figure 2B). The activation of
AMPK is critical for Glut4 expression [49]. The elevated Ac-H3 is also associated with the
increased expression of Glut4 [38]. To dissect the mechanisms, we employed compound C,
a p-AMPK inhibitor [49]. Pre-treatment with compound C effectively suppressed AMPK
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activation without changing its expression level and attenuated 4HR-mediated Glut4
expression (Figure 2C). In STZ-induced diabetic rats, Glut4 and p-AMPK expression is
reduced [50]. Several antidiabetic compounds, including anthocyanin-rich extract [51],
malonyl ginsenoside [52], and shihunine-rich extract [53], exert their effects via the Glut4
and p-AMPK pathway. The observed suppression of Ac-H3 by compound C adds further
complexity to this interplay (Figure 2C).

Several models have been developed for cellular experiments simulating glucose
intolerance in hepatocytes, such as long-term culture under high glucose concentrations.
However, maintaining cellular viability under such harsh conditions is challenging. More-
over, cells exhibiting glucose intolerance should display low levels of GLUT expression in
response to glucose administration, but this condition is difficult to replicate in cell culture
models. Diabetic animals, on the other hand, inherently have glucose-intolerant livers,
making them suitable for testing the effects of drugs. In this context, the diabetic animal
model can be considered a living incubator. In our investigation, blood glucose levels
were increased 30 min after intraperitoneal dextrose injection across all groups (Figure 3A).
Subsequently, glucose levels gradually declined over the next 120 min, with the most
pronounced decrease observed in the insulin-injected group (Figure 3A). A single 4HR
administration in STZ-induced diabetic rats led to increased expression levels of Glut4,
p-AMPK, and Ac-H3 in the liver (Figure 4). Notably, while insulin effectively reduced
serum glucose levels as shown in Figure 4, it did not enhance Glut4, p-AMPK, and Ac-H3
expression to the same extent as 4HR (Figure 4). Interestingly, Date-seed extract, known
for its non-insulin-dependent effects, also modulates Glut4 and p-AMPK expression [54].
Given that 4HR is also derived from plant extracts [41], its anti-diabetic action may share
similarities with other plant-derived compounds.

Since the drug is typically administered periodically, its actual effect on the target
disease should be monitored through long-term administration results. The STZ and
STZ/4HR groups exhibited smaller rat sizes compared to the control and 4HR groups
(Figure 5A). After STZ injection, the body weight of the STZ groups consistently decreased,
while the STZ/4HR group showed a less pronounced decline (Figure 5B). Histological
examination revealed weak PAS-positive staining in the STZ group, characterized by a
patchy appearance (Figure 6A). Chronic diabetic conditions can induce glycogen depletion
in the liver [55]. The PAS-positive area, located outside hepatocytes, indicated increased
extracellular matrix components in the diabetic condition [56]. In contrast, both the control
and 4HR groups exhibited hepatocytes with pink to magenta staining due to abundant
cytoplasmic glycogen storage. Interestingly, the STZ/4HR group displayed a PAS staining
pattern like the control and 4HR groups. Thus, 4HR administration alleviated glycogen
depletion in the diabetic condition.

Histone deacetylase inhibitors (HDACi) have emerged as promising antidiabetic
agents due to their ability to modulate inflammation associated with diabetes [57,58].
Among these, 4HR stands out as an HDACi with multifaceted effects [25]. In the con-
text of diabetes, elevated Ac-H3 levels are generally observed in STZ-induced diabetic
animals [18], often linked to increased expression of pro-inflammatory cytokines such
as tumor necrosis factor-α (TNF-α) and cyclooxygenase-2 (COX-2) [59]. However, 4HR
administration counters this trend by suppressing TNF-α expression via inhibition of the
nuclear factor-κB (NF-κB) pathway [21]. Additionally, 4HR exhibits potent antioxidant [60]
and anti-inflammatory properties [61]. The intricate interplay between HDACs and insulin
signaling pathways contributes to glucose homeostasis. For instance, the binding between
HDAC2 and insulin receptor substrate-1 (IRS-1) can impair insulin receptor-mediated tyro-
sine phosphorylation, leading to insulin resistance [62]. Furthermore, myocyte enhancer
factor 2 (MEF2), a key transcription factor for Glut4 expression in muscle, is inhibited by
HDAC4 and HDAC5 [38]. Remarkably, 4HR administration reduces the expression levels
of HDAC4 and HDAC5 [63], potentially mitigating diabetic complications.

In our study, 4HR administration increased Ac-H3 expression in the liver of STZ-
injected rats (Figures 4 and 7). This elevation in Ac-H3 was concomitant with increased
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Glut4 and p-AMPK levels (Figures 4 and 7). The elevated expression of p-AMPK and
Ac-H3 is associated with the increased expression of Glut4 [38]. Notably, AMPK activation
is crucial for glucose uptake [64] and mitochondrial metabolism [65,66]. Thus, the 4HR-
mediated elevation of Ac-H3 and AMPK activation holds promise as a strategy to alleviate
diabetic complications.

4HR administration increased GAPDH activity (Figure 1A), which might reduce the
oxidative stress of diabetes (Figure 8). In diabetic animals, reduced levels of p-AMPK
are observed [40]. Metformin, a well-known AMPK activator, restores mitochondrial
function in diabetic models by indirect activation via inhibition of mitochondrial ATP
production [67,68]. Similarly, 4HR inhibits mitochondrial ATP production by preventing
succinate formation [24]. The accumulation of succinate can increase mitochondrial ROS
through complex I-dependent reverse electron transfer [65]. Decreased succinate by 4HR
might lead to acetyl-CoA accumulation, essential for histone acetylation [65]. The activation
of AMPK inhibits Class I and II HDAC activity [68]. 4HR acts as a Class I and II HDAC
inhibitor [25] but paradoxically increases the expression of Class III HDACs (SIRT3 and
SIRT6) [69]. SIRT6, activated by 4HR, counteracts mitochondrial dysfunction by promoting
AMPK activity [70]. Collectively, 4HR administration increased Ac-H3 and Glut4 expres-
sion (Figure 2, Figure 4, and Figure 7). Enhanced Glut4 likely improves glucose uptake,
contributing to reduced blood glucose levels (Figure 8). In summary, 4HR holds promise as
a multifaceted therapeutic agent for diabetes management.
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Figure 8. Regulatory mechanism of 4HR on glucose homeostasis. 4HR decreases mitochondria
metabolism, which increases AMPK activity. 4HR enhances GAPDH activity with a reduction
of reactive oxygen species production and supports mitochondrial survival. Additionally, 4HR
functions as a histone deacetylase (HDAC) inhibitor. The activation of AMPK further inhibits HDAC.
Furthermore, these actions enhance the transcription of Glut4 and facilitate the intracellular uptake
of glucose. Consequently, blood glucose levels can be decreased by 4HR.

The study has several limitations. First, the animal experiment using periodic in-
jections preceded the cellular and single injection models. Weekly 10 mg/kg doses of
4HR did not sustain its effect, failing to reverse the STZ-induced weight loss. Second,
the study did not explore AMPK targets like CRY1, CRTC2, HDAC4/5, YAP, FOXO3A,
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and GLI1 [39], which warrants further investigation. Third, compound C, used as an
AMPK inhibitor, also inhibits other kinases [71], limiting its specificity for AMPK functions.
Fourth, while 4HR shows potential therapeutic benefits, its use may pose risks of adverse
effects or unintended interactions with non-target proteins and pathways, particularly in
clinical settings. For example, as a phenolic compound, 4HR may impact metabolic and
cellular pathways beyond its intended effects, potentially leading to systemic issues such
as irritation of the skin, eyes, and mucous membranes, or more serious complications with
prolonged exposure [72]. Additionally, 4HR’s activity as HDACi could broadly influence
epigenetic regulation, potentially altering gene expression in non-target tissues. Therefore,
thorough safety evaluations and further studies are necessary to fully understand and
mitigate potential risks. Finally, animal study results cannot be directly applied to clinical
practice; clinical trials are needed to evaluate 4HR’s potential in diabetes treatment.

4. Materials and Methods
4.1. Antibodies and Reagents

The summary of used antibodies is as follows (Table 1).

Table 1. The summary of used antibodies.

Name CAT# Manufacturer
Dilution Ratio

WB IHC

Glut1 sc-377228
Santa Cruz

Biotech. Santa
Cruz, CA, USA

1:1000 -

Glut4 sc-53566
Santa Cruz

Biotech. Santa
Cruz, CA, USA

1:1000 1:100

AMPKα1/2 sc-74461
Santa Cruz

Biotech. Santa
Cruz, CA, USA

1:1000 -

Ac-H3 sc-56616
Santa Cruz

Biotech. Santa
Cruz, CA, USA

1:1000 1:100

β-actin sc-47778
Santa Cruz

Biotech. Santa
Cruz, CA, USA

1:1000 -

p-AMPK 07-681 Merck, Rahway,
NJ, USA 1:1000 1:100

(CAT#: catalogue number, WB: Western blot, IHC: immunohistochemistry).

The compound C (CAT#: 171261), 2-Deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-
D-glucose (2-NBDG) (CAT#: 72987), and insulin (CAT#: I2643) were obtained from Merck
(Rahway, NJ, USA). The glyceraldehyde 3-phosphate dehydrogenase activity assay kit was
sourced from Abcam (Cambridge, UK).

4.2. Cell Cultures

Huh7 human hepatocyte cells (Korean Cell Line Bank No. 60104, Seoul, Republic of
Korea), characterized by normal GLUT protein expression, were cultured in RPMI-1640
medium (Hyclone, Logan, Rockland, ME, USA) supplemented with 10% fetal bovine
serum (FBS; Gibco-BRL, New York, NY, USA) and 1% penicillin/streptomycin (Lonza,
Rockland, ME, USA). Human hepatocarcinoma HepG2 cells (Korean Cell Line Bank No.
88065) were maintained in MEM/EBSS medium (Hyclone, Logan, USA) with 10% FBS
and 1% penicillin/streptomycin. Both cell lines were seeded at a density of 2 × 105 cells
per well in 6-well plates and treated with varying concentrations of 4HR (0, 0.1, 1, or
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10 µM) for specified durations (2, 4, 8, and 24 h). Protein extraction followed the treatments.
To evaluate p-AMPK inhibition, concurrent treatment with 10 µM compound C (Sigma-
Aldrich, St. Louis, MO, USA) was performed alongside the 4HR administration.

4.3. Western Blot Analysis

Protein lysates were obtained after 4HR treatment from cells (Huh7 or HepG2 cells)
or rat liver using radioimmunoprecipitation assay (RIPA) buffer. Protein quantification
employed a Bradford protein assay kit (Bio-Rad, Hercules, CA, USA). Total proteins (20 µg)
were separated on SDS-polyacrylamide gel electrophoresis, and subsequently, proteins
were transferred to polyvinylidene difluoride (PVDF) membranes for Western blot analysis.
Following blocking with 5% skim milk, the primary antibodies were applied overnight at
4 ◦C. Enhanced chemiluminescence detection system facilitated protein visualization (GE
Healthcare, Uppsala, Sweden).

4.4. Glucose Uptake Assay

HepG2 cells, plated at a density of 1 × 104 cells/well in 96-well black plates, reached
90% confluence before 4HR treatment. Cells were exposed to 0, 0.1, 1, and 10 µM 4HR for 2 h
prior to glucose uptake analysis. The glucose uptake rate, as previously described, involved
adding the 2-NBDG tracer to a glucose-free culture medium [73]. Fluorescence measure-
ments were performed using a FlexStation 3 Multi-Mode Microplate Reader (Molecular
Devices, CA, USA) with excitation at 488 nm and emission at 520 nm.

4.5. Glyceraldehyde 3-Phosphate Dehydrogenase (GAPDH) Activity Assay

To directly assess 4HR’s impact on GAPDH activity, we employed the GAPDH Activ-
ity Assay Kit (Abcam, CAT#: ab204732) following the manufacturer’s instructions. Briefly,
recombinant GAPDH (2 µL) and varying 4HR concentrations (0, 0.1, 1, and 10 µM) were
adjusted to 50 µL with GAPDH Assay Buffer and loaded into 96-well black plates. Sub-
sequently, the reaction mixture (50 µL) was added to each well, and the kinetic mode
measurements were taken at OD450 nm using a Multiskan SkyHigh Microplate reader
(Thermo Fisher Scientific, Waltham, MA, USA).

4.6. Animal Experiments

The STZ-induced diabetic rat model was selected due to its established ability to
induce a diabetic state through selective destruction of pancreatic beta cells, resulting in
insulin deficiency and hyperglycemia. This model reliably replicates key aspects of type
1 diabetes, providing a consistent platform for evaluating antidiabetic interventions such as
4HR. Its use allows precise control over the timing and progression of diabetes, facilitating
the detailed assessment of metabolic and regulatory markers.

Given the expected metabolic effects of STZ-induced diabetes, significant weight loss
often occurs in treated animals. In standard models, a body weight loss of 20% typically
warrants euthanasia to ensure humane treatment. However, this threshold was adapted in
our study to account for the anticipated weight loss associated with diabetes, ensuring the
validity of comparisons with the STZ/4HR-treated group. To balance humane care with
scientific objectives, we closely monitored the animals’ overall health, including hydration
status, activity levels, and signs of distress, and provided supportive care as necessary to
maintain welfare throughout the study.

4.6.1. Single Injection Effect

To investigate the impact of 4HR treatment on Glut4, AMPKα1/2, p-AMPKα1/2, and
Ac-H3 expression, we employed an STZ-injected Sprague-Dawley rat model. This study
received approval from the Institutional Animal Care and Use Committee at Gangneung-
Wonju National University (GWNU-2023-26) on 17 November 2023 (Figure 9A). Thirty
male rats, all 4 weeks old and sharing common ancestry, were included. Upon arrival,
rats weighed 87–90 g and underwent a 1-week adaptation period. Fasting for 6 to 8 h
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preceded STZ-induced diabetes via intravenous tail vein injection (40 mg/kg). Rats were
subsequently provided regular food and 10% sucrose water.
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Figure 9. The diagram details the process of 4-Hexylresorcinol treatment in a streptozotocin-induced
diabetic animal model. (A) A single injection model was used to evaluate the effect of 4HR adminis-
tration on the expression levels of Glut4, AMPKα1/2, p-AMPKα1/2, and Ac-H3 in a streptozotocin
(STZ)-injected animal model. (B) A periodic injection model was used to perform additional experi-
ments evaluating the effect of periodic 4HR administration on the body weight and fasting blood
glucose levels of both STZ-injected and normal animals.

The following day, blood glucose levels were monitored using the tail vein blood-
glucose monitoring system. Animals with blood glucose levels exceeding 300 mg/dL were
selected for further study. Those with insufficient levels received additional STZ injections,
with at least two injections required for successful DM induction. After 8 weeks post-STZ
injection, 28 animals survived until the sacrifice point. Among them, 3 animals exceeded
400 g in body weight and were excluded from analysis. Due to the initial mortality rate and
exclusions based on weight criteria, slight variations in the number of animals per group
were necessary to maintain adequate sample sizes. Additional animals were allocated
to the STZ and 4HR groups, with the Insulin group serving as a positive control based
on its expected therapeutic effects on diabetes. These adjustments ensured the reliability
of comparisons between groups: STZ group (n = 7), Insulin group (n = 5), 4HR10 group
(n = 6), and 4HR50 group (n = 7). Prior to the glucose tolerance test, rats fasted for 12 h but
had access to water freely. Baseline blood samples measured fasting glucose levels, and
body weight was recorded. If the blood glucose exceeded 600 mg/dL, diluted blood was
used for measurement.

For the glucose tolerance test, a 50% glucose solution in sterile saline was prepared
(standard dose: 1–2 g/kg body weight). Injection volume was adjusted based on the rats’
weight. The glucose solution was administered intraperitoneally using a sterile syringe
and needle to minimize stress. The STZ group received normal saline (negative control),
while the insulin group received 1 IU/kg of human insulin (Sigma-Aldrich, St. Louis,
MO, USA, CAT#: I2643; positive control). In experimental groups, 4HR was administered
at two dosages: 4HR10 (10 mg/kg) and 4HR50 (50 mg/kg). Blood glucose levels were
assessed 30 min, 1 h, and 2 h post-injection. Subsequently, all animals were euthanized for
further analysis.
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4.6.2. Effects of Periodic 4HR Administration on Diabetic and Healthy Rat Models

To assess the impact of periodic 4HR administration, we conducted additional ex-
periments using both STZ-induced diabetic rats and normal rats (GWNU-2021-21 and
GWNU-2021-22) (Figure 9B). Initially, 40 male rats, all 6 weeks old and sharing common
ancestry, were included. Upon arrival, rats weighed 230–260 g, and after a 1-week adapta-
tion period, their body weight ranged from 270 g to 290 g. Twenty rats were allocated to
the STZ group. Following a 6- to 8-hour fasting period, STZ was intravenously injected
through the tail vein to induce diabetes. Blood glucose levels were measured the next day
using a tail vein blood-glucose monitoring system. Animals with blood glucose levels
exceeding 300 mg/dL were selected for further study, while those with insufficient levels
received additional STZ injections. The STZ-injected animals were randomly assigned
to either the untreated control (STZ group) or the 4HR injected group (STZ/4HR group).
After confirming the diabetic condition, 4HR (10 mg/kg) was subcutaneously administered
weekly throughout the 8-week experiment. Due to the loss of one animal from each group
during the study, supplementary animals were recruited (n = 1 for each). The remaining
20 rats were assigned to the healthy model and received either the same 4HR dosage as the
diabetic model (4HR group) or remained untreated (control group). Body weight changes
were periodically monitored. At 16 weeks of age, rats were humanely anesthetized with
enflurane and sacrificed. Before sacrifice, fasting blood glucose levels were measured, and
whole blood was collected from the heart and stored in heparinized tubes. After centrifuga-
tion, serum supernatant was collected for further analysis. Animals were euthanized via
paraformaldehyde injection after blood sampling.

4.7. Histological Analysis

Paraffin blocks were sectioned into 5 µm thick slices and mounted on glass slides.
Dewaxing and rehydration using a series of xylene and decreasing ethanol concentrations
removed the paraffin wax from the sections. Hematoxylin staining was performed for
6 min, followed by a brief dip in 1% acid alcohol to remove excess hematoxylin. Sub-
sequently, the slides were immersed in eosin solution for 1 min, staining the cytoplasm
and extracellular matrix. After rinsing in tap water, the slides underwent dehydration
again using an increasing ethanol series. Cleared with xylene or a xylene substitute, the
slides were mounted with a glass coverslip and allowed to dry before examination under a
light microscope.

For PAS staining, a commercially available kit (CAT#: ab150680, Abcam, Cambridge,
UK) was used to detect glycogen, glycoproteins, and glycolipids in tissues. Following
fixation, dehydration, clearing, embedding, sectioning, and deparaffinization, tissue sec-
tions were treated with a periodic acid solution to oxidize tissue components for 5 min.
After incubation, slides were carefully rinsed with distilled water to remove residual acid
and stained with Schiff’s reagent, which reacts with the oxidized tissue components for
15 min. The excess reagent was washed off with lukewarm tap water for 20 min, allowing
full-color development. Counterstaining with hematoxylin for 1-min enhanced contrast
between different cellular components. The slides were rinsed with tap water or immersed
in a bluing solution to stain cell nuclei blue. The tissue sections were dehydrated using
an ascending ethanol series to prepare the slides for microscopic examination. Following
dehydration, the slides were cleared with xylene or a substitute, allowing the mounting
medium and glass coverslip to adhere correctly. Additional copies of slides were stained
without counterstaining them for the quantitative analysis. Staining intensity was mea-
sured using SigmaScan Pro 5.0 (SPSS Inc., Chicago, IL, USA). In the black and white images,
the measured intensity ranged from 0 to 255 (low to high).

4.8. Immunohistochemistry

Liver tissue sections (5 µm) were prepared for immunohistochemical analysis. After
hydration, slides were treated with a peroxidase blocker for 7 min, washed, and followed
by blocking with serum-free protein block (Agilent, Santa Clara, CA, USA) for 1 h. Primary
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antibodies (diluted 1:100) were applied to the slides and incubated overnight at 4 ◦C. After
washing, slides were incubated with streptavidin-conjugated secondary antibody (Dako™
Real Envision, Agilent) for 30 min, followed by incubation with 3,3′-diaminobenzidine
for colorization.

4.9. Statistical Analysis

Statistical analyses were performed using Prism 10.2.3 (GraphPad, La Jolla, CA, USA).
Mean ± standard deviation represented the observed values. Differences among groups
were evaluated by analysis of variance, followed by Tukey’s multiple comparison tests for
pairwise comparisons. The significance level was set at p < 0.05.

5. Conclusions

We demonstrated that the administration of 4HR increases glucose uptake in a dose-
dependent manner. In cell culture experiments, treatment with 4HR led to elevated ex-
pression levels of Glut4, p-AMPK, and Ac-H3. In STZ-induced animal models, 4HR
administration resulted in a decrease in blood glucose levels, an effect comparable to in-
sulin administration. Additionally, 4HR increased the levels of Glut4, p-AMPK, and Ac-H3
in the liver. Periodic injections of 4HR also mitigated the weight loss observed in STZ-
injected animals. These findings suggest that 4HR administration reduces blood glucose
levels in STZ-injected animals through a pathway involving Glut4, p-AMPK, and Ac-H3.

Author Contributions: Conceptualization, S.-G.K.; methodology, Y.-J.K.; validation, X.C. and Y.-J.K.;
formal analysis, S.-G.K.; investigation, X.C. and J.-H.O.; data curation, X.C.; writing—original draft
preparation, X.C. and J.-H.O.; writing—review and editing, S.-G.K., U.G. and J.-Y.C.; visualization,
D.-W.K.; project administration, S.-G.K.; software, D.-W.K.; supervision, S.-G.K., U.G. and J.-Y.C.;
funding acquisition, S.-G.K. and J.-Y.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korean government (MSIT) (RS-2023-00225239). This work was carried out with the
support of “Cooperative Research Program for Agriculture Science and Technology Development
(Project No. RS-2024-00336327)” Rural Development Administration, Republic of Korea.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Review Board of Gangneung-Wonju National University (GWNU-2021-22 and approved on 23
November 2021). Additionally, supplementary experiments were approved (GWNU-2023-26 and
was approved on 17 November 2023).

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. GBD 2021 Diabetes Collaborators. Global, regional, and national burden of diabetes from 1990 to 2021, with projections of

prevalence to 2050: A systematic analysis for the Global Burden of Disease Study (2021). Lancet 2023, 402, 203–234. [CrossRef]
[PubMed]

2. Leslie, R.D. Type 1 diabetes: Heterogeneity in heritability. Lancet Diabetes Endocrinol. 2024, 12, 287–289. [CrossRef] [PubMed]
3. Chan, J.C.N.; Lim, L.L.; Wareham, N.J.; Shaw, J.E.; Orchard, T.J.; Zhang, P.; Lau, E.S.H.; Eliasson, B.; Kong, A.P.S.; Ezzati, M.;

et al. The Lancet Commission on diabetes: Using data to transform diabetes care and patient lives. Lancet 2021, 396, 2019–2082.
[CrossRef] [PubMed]

4. Melendez-Ramirez, L.Y.; Richards, R.J.; Cefalu, W.T. Complications of type 1 diabetes. Endocrinol. Metab. Clin. N. Am. 2010,
39, 625–640. [CrossRef] [PubMed]

5. Yang, Y.; Miao, C.; Wang, Y.; He, J. The long-term effect of bariatric/metabolic surgery versus pharmacologic therapy in type 2
diabetes mellitus patients: A systematic review and meta-analysis. Diabetes Metab. Res. Rev. 2024, 40, e3830. [CrossRef]

6. Furman, B.L. Streptozotocin-Induced Diabetic Models in Mice and Rats. Curr. Protoc. Pharmacol. 2015, 70, 5.47.1–5.47.20.
[CrossRef]

https://doi.org/10.1016/S0140-6736(23)01301-6
https://www.ncbi.nlm.nih.gov/pubmed/37356446
https://doi.org/10.1016/S2213-8587(24)00090-1
https://www.ncbi.nlm.nih.gov/pubmed/38561012
https://doi.org/10.1016/S0140-6736(20)32374-6
https://www.ncbi.nlm.nih.gov/pubmed/33189186
https://doi.org/10.1016/j.ecl.2010.05.009
https://www.ncbi.nlm.nih.gov/pubmed/20723824
https://doi.org/10.1002/dmrr.3830
https://doi.org/10.1002/0471141755.ph0547s70


Int. J. Mol. Sci. 2024, 25, 12281 16 of 18

7. Yang, C.; Zhang, M.; Li, Y.; Wang, Y.; Mao, W.; Gao, Y.; Xu, H. Streptozotocin Aggravated Osteopathology and Insulin Induced
Osteogenesis Through Co-treatment with Fluoride. Biol. Trace Elem. Res. 2015, 168, 453–461. [CrossRef]

8. Xie, S.Y.; Liu, S.Q.; Zhang, T.; Shi, W.K.; Xing, Y.; Fang, W.X.; Zhang, M.; Chen, M.Y.; Xu, S.C.; Fan, M.Q.; et al. USP28 Serves as a
Key Suppressor of Mitochondrial Morphofunctional Defects and Cardiac Dysfunction in the Diabetic Heart. Circulation 2024,
149, 684–706. [CrossRef]

9. Cho, Y.E.; Basu, A.; Dai, A.; Heldak, M.; Makino, A. Coronary endothelial dysfunction and mitochondrial reactive oxygen species
in type 2 diabetic mice. Am. J. Physiol. Cell Physiol. 2013, 305, C1033–C1040. [CrossRef]

10. Zhang, X.; Wu, X.; Hu, Q.; Wu, J.; Wang, G.; Hong, Z.; Ren, J.; Lab for Trauma and Surgical Infections. Mitochondrial DNA in
liver inflammation and oxidative stress. Life Sci. 2019, 236, 116464. [CrossRef]

11. Magalhaes, D.A.; Kume, W.T.; Correia, F.S.; Queiroz, T.S.; Allebrandt Neto, E.W.; Santos, M.P.D.; Kawashita, N.H.; Franca, S.A.
High-fat diet and streptozotocin in the induction of type 2 diabetes mellitus: A new proposal. An. Acad. Bras. Cienc. 2019,
91, e20180314. [CrossRef] [PubMed]

12. Ma, T.; Huang, X.; Zheng, H.; Huang, G.; Li, W.; Liu, X.; Liang, J.; Cao, Y.; Hu, Y.; Huang, Y. SFRP2 Improves Mitochondrial
Dynamics and Mitochondrial Biogenesis, Oxidative Stress, and Apoptosis in Diabetic Cardiomyopathy. Oxid. Med. Cell Longev.
2021, 2021, 9265016. [CrossRef]

13. Han, Y.C.; Tang, S.Q.; Liu, Y.T.; Li, A.M.; Zhan, M.; Yang, M.; Song, N.; Zhang, W.; Wu, X.Q.; Peng, C.H.; et al. AMPK agonist
alleviate renal tubulointerstitial fibrosis via activating mitophagy in high fat and streptozotocin induced diabetic mice. Cell Death
Dis. 2021, 12, 925. [CrossRef]

14. Herzig, S.; Shaw, R.J. AMPK: Guardian of metabolism and mitochondrial homeostasis. Nat. Rev. Mol. Cell Biol. 2018, 19, 121–135.
[CrossRef]

15. Lee, H.A.; Lee, E.; Do, G.Y.; Moon, E.K.; Quan, F.S.; Kim, I. Histone deacetylase inhibitor MGCD0103 protects the pancreas from
streptozotocin-induced oxidative stress and β-cell death. Biomed. Pharmacother. 2019, 109, 921–929. [CrossRef] [PubMed]

16. Kahraman, S.; Aydin, C.; Elpek, G.O.; Dirice, E.; Sanlioglu, A.D. Diabetes-resistant NOR mice are more severely affected by
streptozotocin compared to the diabetes-prone NOD mice: Correlations with liver and kidney GLUT2 expressions. J. Diabetes Res.
2015, 2015, 450128. [CrossRef] [PubMed]

17. Steinberg, G.R.; Hardie, D.G. New insights into activation and function of the AMPK. Nat. Rev. Mol. Cell Biol. 2023, 24, 255–272.
[CrossRef]

18. Tanaka, T.; Mizuno, T.; Nakagawa, T.; Hayakawa, T.; Shimada, M. Effects of H3 and H4 histones acetylation and bindings of CREB
binding protein and p300 at the promoter on hepatic expression of gamma-glutamyltransferase gene in a streptozotocin-induced
moderate hypoinsulinemic rat model. Physiol. Res. 2021, 70, 475–480. [CrossRef]

19. Khan, S.; Jena, G.B. Protective role of sodium butyrate, a HDAC inhibitor on beta-cell proliferation, function and glucose
homeostasis through modulation of p38/ERK MAPK and apoptotic pathways: Study in juvenile diabetic rat. Chem. Biol. Interact.
2014, 213, 1–12. [CrossRef]

20. Raichur, S.; Teh, S.H.; Ohwaki, K.; Gaur, V.; Long, Y.C.; Hargreaves, M.; McGee, S.L.; Kusunoki, J. Histone deacetylase 5 regulates
glucose uptake and insulin action in muscle cells. J. Mol. Endocrinol. 2012, 49, 203–211. [CrossRef]

21. Kim, S.G. 4-Hexylresorcinol: Pharmacologic chaperone and its application for wound healing. Maxillofac. Plast. Reconstr. Surg.
2022, 44, 5. [CrossRef] [PubMed]

22. IuF, K.; Noks, P.P.; Loiko, N.G.; Abdulnasyrov, E.G.; Korotina, O.A.; Stepanov, S.A.; Zakharova, N.I.; IuA, N.; El’-Registan, G.I.;
Rubin, A.B. Effect of chemical chaperones on properties of lysozyme and the reaction center protein from Rhodobacter sphaeroides.
Biofizika 2011, 56, 13–30.

23. Kang, Y.J.; Yang, W.G.; Chae, W.S.; Kim, D.W.; Kim, S.G.; Rotaru, H. Administration of 4-hexylresorcinol increases p53-mediated
transcriptional activity in oral cancer cells with the p53 mutation. Oncol. Rep. 2022, 48, 160. [CrossRef] [PubMed]

24. Tanizawa, H.; Terada, M.; Watanabe, Y. Experimental studies on anthelmintics (XXVI). Biochemical and pharmacological studies
of 4-iodothymol on Ascaris lumbricoides suum. Nihon Yakurigaku Zasshi 1976, 72, 493–499. [CrossRef] [PubMed]

25. Kim, S.G. 4-Hexylresorcinol as Histone Deacetylase Inhibitor. In Biomedical Application of 4-Hexylresorcinol; Kim, S.G., Ed.; Springer:
Berlin/Heidelberg, Germany, 2024; pp. 71–89.

26. Song, S.; Liu, Q.; Chai, W.M.; Xia, S.S.; Yu, Z.Y.; Wei, Q.M. Inhibitory potential of 4-hexylresorcinol against alpha-glucosidase and
non-enzymatic glycation: Activity and mechanism. J. Biosci. Bioeng. 2021, 131, 241–249. [CrossRef]

27. Jeong, H.; Kim, J.Y.; Che, X.; Choi, J.Y.; Jang, I.; Kim, S.G. Effects of 4-hexylresorcinol on facial skeletal development in growing
rats: Considerations for diabetes. Korean J. Orthod. 2023, 53, 393–401. [CrossRef]

28. Gaida, D.; Park, Y.W.; Kim, S.G. 4-Hexylresorcinol and Its Effects on Circumvallate Papillae Taste Buds in Diabetic and Healthy
Rats: An Initial Investigation. Appl. Sci. 2023, 13, 11617. [CrossRef]

29. Oh, J.H.; Choi, J.Y.; Kim, D.W.; Kim, S.G.; Garagiola, U. Therapeutic Potential of 4-Hexylresorcinol in Preserving Testicular
Function in Streptozotocin-Induced Diabetic Rats. Int. J. Mol. Sci. 2024, 25, 4316. [CrossRef]

30. Wu, H.; Gabriel, T.A.; Burney, W.A.; Chambers, C.J.; Pan, A.; Sivamani, R.K. Prospective, randomized, double-blind clinical study
of split-body comparison of topical hydroquinone and hexylresorcinol for skin pigment appearance. Arch. Dermatol. Res. 2023,
315, 1207–1214. [CrossRef]

31. Kim, S.G. 4-Hexylresorcinol: Antiseptic, Cosmetics, and Food Industry. In Biomedical Application of 4-Hexylresorcinol; Kim, S.G.,
Ed.; Springer: Berlin/Heidelberg, Germany, 2024; pp. 11–25.

https://doi.org/10.1007/s12011-015-0374-8
https://doi.org/10.1161/CIRCULATIONAHA.123.065603
https://doi.org/10.1152/ajpcell.00234.2013
https://doi.org/10.1016/j.lfs.2019.05.020
https://doi.org/10.1590/0001-3765201920180314
https://www.ncbi.nlm.nih.gov/pubmed/30916157
https://doi.org/10.1155/2021/9265016
https://doi.org/10.1038/s41419-021-04184-8
https://doi.org/10.1038/nrm.2017.95
https://doi.org/10.1016/j.biopha.2018.10.163
https://www.ncbi.nlm.nih.gov/pubmed/30551546
https://doi.org/10.1155/2015/450128
https://www.ncbi.nlm.nih.gov/pubmed/25699277
https://doi.org/10.1038/s41580-022-00547-x
https://doi.org/10.33549/physiolres.934620
https://doi.org/10.1016/j.cbi.2014.02.001
https://doi.org/10.1530/JME-12-0095
https://doi.org/10.1186/s40902-022-00334-w
https://www.ncbi.nlm.nih.gov/pubmed/35103875
https://doi.org/10.3892/or.2022.8375
https://www.ncbi.nlm.nih.gov/pubmed/35856441
https://doi.org/10.1254/fpj.72.493
https://www.ncbi.nlm.nih.gov/pubmed/136389
https://doi.org/10.1016/j.jbiosc.2020.10.011
https://doi.org/10.4041/kjod23.091
https://doi.org/10.3390/app132111617
https://doi.org/10.3390/ijms25084316
https://doi.org/10.1007/s00403-022-02514-0


Int. J. Mol. Sci. 2024, 25, 12281 17 of 18

32. Morokutti-Kurz, M.; Graf, C.; Prieschl-Grassauer, E. Amylmetacresol/2,4-dichlorobenzyl alcohol, hexylresorcinol, or carrageenan
lozenges as active treatments for sore throat. Int. J. Gen. Med. 2017, 10, 53–60. [CrossRef]

33. Richter, E.A.; Hargreaves, M. Exercise, GLUT4, and skeletal muscle glucose uptake. Physiol. Rev. 2013, 93, 993–1017. [CrossRef]
[PubMed]

34. Govers, R. Molecular mechanisms of GLUT4 regulation in adipocytes. Diabetes Metab. 2014, 40, 400–410. [CrossRef] [PubMed]
35. Klip, A.; McGraw, T.E.; James, D.E. Thirty sweet years of GLUT4. J. Biol. Chem. 2019, 294, 11369–11381. [CrossRef] [PubMed]
36. Chang, Y.C.; Chan, M.H.; Yang, Y.F.; Li, C.H.; Hsiao, M. Glucose transporter 4: Insulin response mastermind, glycolysis catalyst

and treatment direction for cancer progression. Cancer Lett. 2023, 563, 216179. [CrossRef]
37. Kim, S.G. The Application of 4-Hexylresorcinol for Preventing Diabetic Complications. In Biomedical Application of 4-Hexylresorcinol;

Kim, S.G., Ed.; Springer: Berlin/Heidelberg, Germany, 2024; pp. 135–162.
38. McGee, S.L.; van Denderen, B.J.; Howlett, K.F.; Mollica, J.; Schertzer, J.D.; Kemp, B.E.; Hargreaves, M. AMP-activated protein

kinase regulates GLUT4 transcription by phosphorylating histone deacetylase 5. Diabetes 2008, 57, 860–867. [CrossRef]
39. Trefts, E.; Shaw, R.J. AMPK: Restoring metabolic homeostasis over space and time. Mol. Cell 2021, 81, 3677–3690. [CrossRef]
40. Dugan, L.L.; You, Y.H.; Ali, S.S.; Diamond-Stanic, M.; Miyamoto, S.; DeCleves, A.E.; Andreyev, A.; Quach, T.; Ly, S.; Shekhtman,

G.; et al. AMPK dysregulation promotes diabetes-related reduction of superoxide and mitochondrial function. J. Clin. Investig.
2013, 123, 4888–4899. [CrossRef] [PubMed]

41. Zavyalov, O.; Galimzhan, D.; Marina, K. Effect of feeding bioactive compounds identified from plant extracts (4-hexylresorcinol,
7-hydroxycoumarin, and gamma-octalactone) on the productivity and quality of broiler meat. Vet. World 2022, 15, 2986–2996.
[CrossRef]

42. Yang, W.L.; Perillo, W.; Liou, D.; Marambaud, P.; Wang, P. AMPK inhibitor compound C suppresses cell proliferation by induction
of apoptosis and autophagy in human colorectal cancer cells. J. Surg. Oncol. 2012, 106, 680–688. [CrossRef]

43. Muronetz, V.I.; Medvedeva, M.V.; Sevostyanova, I.A.; Schmalhausen, E.V. Modification of Glyceraldehyde-3-Phosphate De-
hydrogenase with Nitric Oxide: Role in Signal Transduction and Development of Apoptosis. Biomolecules 2021, 11, 1656.
[CrossRef]

44. Kushneruk, M.A.; Tugarova, A.V.; Il’chukova, A.V.; Slavkina, E.A.; Starichkova, N.I.; Bogatyrev, V.A.; Antoniuk, L.P. Factors
inducing transition from growth to dormancy in rhizobacteria Azospirillum brasilense. Mikrobiologiia 2013, 82, 563–570. [CrossRef]

45. Barinova, K.V.; Serebryakova, M.V.; Melnikova, A.K.; Medvedeva, M.V.; Muronetz, V.I.; Schmalhausen, E.V. Mechanism of
inactivation of glyceraldehyde-3-phosphate dehydrogenase in the presence of methylglyoxal. Arch. Biochem. Biophys. 2023,
733, 109485. [CrossRef] [PubMed]

46. Darenskaya, M.A.; Kolesnikova, L.I.; Kolesnikov, S.I. Oxidative Stress: Pathogenetic Role in Diabetes Mellitus and Its Complica-
tions and Therapeutic Approaches to Correction. Bull. Exp. Biol. Med. 2021, 171, 179–189. [CrossRef] [PubMed]

47. Nicholls, C.; Li, H.; Liu, J.P. GAPDH: A common enzyme with uncommon functions. Clin. Exp. Pharmacol. Physiol. 2012,
39, 674–679. [CrossRef]

48. Thorens, B.; Mueckler, M. Glucose transporters in the 21st Century. Am. J. Physiol. Endocrinol. Metab. 2010, 298, E141–E145.
[CrossRef] [PubMed]

49. Zhang, L.; Zhou, X.; Chen, H.; You, L.; Zhang, T.; Cheng, M.; Yao, Y.; Pan, X.; Yang, X. Mulberry extract ameliorates T2DM-related
symptoms via AMPK pathway in STZ-HFD-induced C57BL/6J mice. J. Ethnopharmacol. 2023, 313, 116475. [CrossRef]

50. Mei, H.; Xu, J.; He, Y.; Yang, X.; Liu, W.; Tian, W.; Zeng, Y.U.; Zhu, J. Protein-rich extract of Musca domestica larvae alleviated
metabolic disorder in STZ-induced type 2 diabetic rat model via hepatoprotective and pancreatic beta-cell protective activities. J.
Biosci. 2018, 43, 969–983. [CrossRef]

51. Feng, S.Y.; Wu, S.J.; Chang, Y.C.; Ng, L.T.; Chang, S.J. Stimulation of GLUT4 Glucose Uptake by Anthocyanin-Rich Extract from
Black Rice (Oryza sativa L.) via PI3K/Akt and AMPK/p38 MAPK Signaling in C2C12 Cells. Metabolites 2022, 12, 856. [CrossRef]

52. Wang, D.S.; Wang, J.M.; Zhang, F.R.; Lei, F.J.; Wen, X.; Song, J.; Sun, G.Z.; Liu, Z. Ameliorative Effects of Malonyl Ginsenoside
from Panax ginseng on Glucose-Lipid Metabolism and Insulin Resistance via IRS1/PI3K/Akt and AMPK Signaling Pathways in
Type 2 Diabetic Mice. Am. J. Chin. Med. 2022, 50, 863–882. [CrossRef]

53. Li, X.W.; Huang, M.; Lo, K.; Chen, W.L.; He, Y.Y.; Xu, Y.; Zheng, H.; Hu, H.; Wang, J. Anti-Diabetic Effect of a Shihunine-Rich
Extract of Dendrobium loddigesii on 3T3-L1 Cells and db/db Mice by Up-Regulating AMPK-GLUT4-PPARalpha. Molecules 2019,
24, 2673. [CrossRef]

54. Shakoor, H.; Abdelfattah, F.; Albadi, K.; Adib, M.; Kizhakkayil, J.; Platat, C. Inhibition of Digestive Enzyme and Stimulation of
Human Liver Cells (HepG2) Glucose Uptake by Date Seeds Extract. Evid. Based Complement. Alternat. Med. 2020, 2020, 4290702.
[CrossRef] [PubMed]

55. Azzane, A.; Amssayef, A.; El-Haidani, A.; Eddouks, M. Effect of Pulicaria mauritanica on Glucose Metabolism and Glycogen
Content in Streptozotocin-Induced Diabetic Rats. Cardiovasc. Hematol. Agents Med. Chem. 2022, 20, 197–211. [CrossRef] [PubMed]

56. Raj, V.; Claudine, S.; Subramanian, A.; Tam, K.; Biswas, A.; Bongso, A.; Fong, C.Y. Histological, immunohistochemical, and
genomic evaluation of excisional and diabetic wounds treated with human Wharton’s jelly stem cells with and without a
nanocarrier. J. Cell. Biochem. 2019, 120, 11222–11240. [CrossRef] [PubMed]

57. Sonthalia, M.; Roy, B.S.; Chandrawanshi, D.; Ganesh, G.V.; Jayasuriya, R.; Mohandas, S.; Rajagopal, S.; Ramkumar, K.M. Histone
deacetylase inhibitors as antidiabetic agents: Advances and opportunities. Eur. J. Pharmacol. 2022, 935, 175328. [CrossRef]
[PubMed]

https://doi.org/10.2147/IJGM.S120665
https://doi.org/10.1152/physrev.00038.2012
https://www.ncbi.nlm.nih.gov/pubmed/23899560
https://doi.org/10.1016/j.diabet.2014.01.005
https://www.ncbi.nlm.nih.gov/pubmed/24656589
https://doi.org/10.1074/jbc.REV119.008351
https://www.ncbi.nlm.nih.gov/pubmed/31175156
https://doi.org/10.1016/j.canlet.2023.216179
https://doi.org/10.2337/db07-0843
https://doi.org/10.1016/j.molcel.2021.08.015
https://doi.org/10.1172/JCI66218
https://www.ncbi.nlm.nih.gov/pubmed/24135141
https://doi.org/10.14202/vetworld.2022.2986-2996
https://doi.org/10.1002/jso.23184
https://doi.org/10.3390/biom11111656
https://doi.org/10.1134/S0026261713050081
https://doi.org/10.1016/j.abb.2022.109485
https://www.ncbi.nlm.nih.gov/pubmed/36481268
https://doi.org/10.1007/s10517-021-05191-7
https://www.ncbi.nlm.nih.gov/pubmed/34173093
https://doi.org/10.1111/j.1440-1681.2011.05599.x
https://doi.org/10.1152/ajpendo.00712.2009
https://www.ncbi.nlm.nih.gov/pubmed/20009031
https://doi.org/10.1016/j.jep.2023.116475
https://doi.org/10.1007/s12038-018-9804-z
https://doi.org/10.3390/metabo12090856
https://doi.org/10.1142/S0192415X22500367
https://doi.org/10.3390/molecules24142673
https://doi.org/10.1155/2020/4290702
https://www.ncbi.nlm.nih.gov/pubmed/32802126
https://doi.org/10.2174/1871525720666220510204624
https://www.ncbi.nlm.nih.gov/pubmed/35538824
https://doi.org/10.1002/jcb.28398
https://www.ncbi.nlm.nih.gov/pubmed/30706534
https://doi.org/10.1016/j.ejphar.2022.175328
https://www.ncbi.nlm.nih.gov/pubmed/36257383


Int. J. Mol. Sci. 2024, 25, 12281 18 of 18

58. Hara, N.; Alkanani, A.K.; Dinarello, C.A.; Zipris, D. Histone deacetylase inhibitor suppresses virus-induced proinflammatory
responses and type 1 diabetes. J. Mol. Med. 2014, 92, 93–102. [CrossRef]

59. Miao, F.; Gonzalo, I.G.; Lanting, L.; Natarajan, R. In vivo chromatin remodeling events leading to inflammatory gene transcription
under diabetic conditions. J. Biol. Chem. 2004, 279, 18091–18097. [CrossRef]

60. Liu, J.; Chen, B.; Hu, Q.; Zhang, Q.; Huang, B.; Fei, P. Pectin grafted with resorcinol and 4-hexylresorcinol: Preparation,
characterization and application in meat preservation. Int. J. Biol. Macromol. 2023, 237, 124212. [CrossRef]

61. Kim, Y.S.; Kim, D.W.; Kim, S.G.; Lee, S.K. 4-hexylresorcinol-induced protein expression changes in human umbilical cord vein
endothelial cells as determined by immunoprecipitation high-performance liquid chromatography. PLoS ONE 2020, 15, e0243975.
[CrossRef]

62. Bayley, J.S.; Pedersen, T.H.; Nielsen, O.B. Skeletal muscle dysfunction in the db/db mouse model of type 2 diabetes. Muscle Nerve
2016, 54, 460–468. [CrossRef]

63. Lee, I.S.; Kim, D.W.; Oh, J.H.; Lee, S.K.; Choi, J.Y.; Kim, S.G.; Kim, T.W. Effects of 4-Hexylresorcinol on Craniofacial Growth in
Rats. Int. J. Mol. Sci. 2021, 22, 8935. [CrossRef]

64. Steinberg, G.R.; Carling, D. AMP-activated protein kinase: The current landscape for drug development. Nat. Rev. Drug Discov.
2019, 18, 527–551. [CrossRef] [PubMed]

65. Martinez-Reyes, I.; Chandel, N.S. Mitochondrial TCA cycle metabolites control physiology and disease. Nat. Commun. 2020,
11, 102. [CrossRef] [PubMed]

66. Canto, C.; Jiang, L.Q.; Deshmukh, A.S.; Mataki, C.; Coste, A.; Lagouge, M.; Zierath, J.R.; Auwerx, J. Interdependence of AMPK
and SIRT1 for metabolic adaptation to fasting and exercise in skeletal muscle. Cell Metab. 2010, 11, 213–219. [CrossRef]

67. Wang, Y.; An, H.; Liu, T.; Qin, C.; Sesaki, H.; Guo, S.; Radovick, S.; Hussain, M.; Maheshwari, A.; Wondisford, F.E.; et al. Metformin
Improves Mitochondrial Respiratory Activity through Activation of AMPK. Cell Rep. 2019, 29, 1511–1523.e5. [CrossRef]

68. Hardie, D.G.; Ross, F.A.; Hawley, S.A. AMPK: A nutrient and energy sensor that maintains energy homeostasis. Nat. Rev. Mol.
Cell Biol. 2012, 13, 251–262. [CrossRef] [PubMed]

69. Lee, I.S.; Chang, J.H.; Kim, D.W.; Kim, S.G.; Kim, T.W. The effect of 4-hexylresorinol administration on NAD+ level and SIRT
activity in Saos-2 cells. Maxillofac. Plast. Reconstr. Surg. 2021, 43, 39. [CrossRef]

70. Fan, Y.; Yang, Q.; Yang, Y.; Gao, Z.; Ma, Y.; Zhang, L.; Liang, W.; Ding, G. Sirt6 Suppresses High Glucose-Induced Mitochondrial
Dysfunction and Apoptosis in Podocytes through AMPK Activation. Int. J. Biol. Sci. 2019, 15, 701–713. [CrossRef]

71. Cheruiyot, A.; Li, S.; Nickless, A.; Roth, R.; Fitzpatrick, J.A.J.; You, Z. Compound C inhibits nonsense-mediated RNA decay
independently of AMPK. PLoS ONE 2018, 13, e0204978. [CrossRef]

72. PubChem. Hexylresorcinol. Available online: https://pubchem.ncbi.nlm.nih.gov/compound/3610 (accessed on 10 November
2024).

73. Yoshioka, K.; Saito, M.; Oh, K.B.; Nemoto, Y.; Matsuoka, H.; Natsume, M.; Abe, H. Intracellular fate of 2-NBDG, a fluorescent
probe for glucose uptake activity, in Escherichia coli cells. Biosci. Biotechnol. Biochem. 1996, 60, 1899–1901. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s00109-013-1078-1
https://doi.org/10.1074/jbc.M311786200
https://doi.org/10.1016/j.ijbiomac.2023.124212
https://doi.org/10.1371/journal.pone.0243975
https://doi.org/10.1002/mus.25064
https://doi.org/10.3390/ijms22168935
https://doi.org/10.1038/s41573-019-0019-2
https://www.ncbi.nlm.nih.gov/pubmed/30867601
https://doi.org/10.1038/s41467-019-13668-3
https://www.ncbi.nlm.nih.gov/pubmed/31900386
https://doi.org/10.1016/j.cmet.2010.02.006
https://doi.org/10.1016/j.celrep.2019.09.070
https://doi.org/10.1038/nrm3311
https://www.ncbi.nlm.nih.gov/pubmed/22436748
https://doi.org/10.1186/s40902-021-00326-2
https://doi.org/10.7150/ijbs.29323
https://doi.org/10.1371/journal.pone.0204978
https://pubchem.ncbi.nlm.nih.gov/compound/3610
https://doi.org/10.1271/bbb.60.1899

	Introduction 
	Results 
	The Administration of 4HR Increases Glut4 Expression via Ac-H3 and p-AMPK Mediated Pathway 
	The Effect of a Single 4HR Injection on Blood Glucose Level 
	The Effect of Regular Drug Injection on Body Weight 

	Discussion 
	Materials and Methods 
	Antibodies and Reagents 
	Cell Cultures 
	Western Blot Analysis 
	Glucose Uptake Assay 
	Glyceraldehyde 3-Phosphate Dehydrogenase (GAPDH) Activity Assay 
	Animal Experiments 
	Single Injection Effect 
	Effects of Periodic 4HR Administration on Diabetic and Healthy Rat Models 

	Histological Analysis 
	Immunohistochemistry 
	Statistical Analysis 

	Conclusions 
	References

