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Abstract: The decline in autophagy disrupts homeostasis in skin cells, leading to oxidative
stress, energy deficiency, and inflammation—all key contributors to skin photoaging. Con-
sequently, activating autophagy has become a focal strategy for delaying skin photoaging.
Natural plants are rich in functional molecules and widely used in the development of
anti-photoaging cosmetics. Hedyotis diffusa (HD), as a medicinal plant, is renowned for its
anti-inflammatory and anticancer properties; however, its effects on skin photoaging remain
unclear. This study investigates HD’s potential to counteract skin photoaging by restoring
mitochondrial autophagy in keratinocytes. We used HPLC to detect the main chemical
components in HD and, using a UVB-induced photoaging model in HaCaT keratinocytes,
examined the effects of HD on reactive oxygen species (ROS) levels, Ca2+ concentration,
mitochondrial membrane potential (MMP), apoptosis, and the cell cycle. Cellular respi-
ration was further evaluated with the Seahorse XFp Analyzer, and RT-PCR and Western
blotting were used to analyze the impact of HD on mitochondrial autophagy-related gene
expression and signaling pathways. Our findings indicate that HD promotes autophagy
by modulating the PI3K/AKT/mTOR and PINK/PARK2 pathways, which stabilizes mi-
tochondrial quality, maintains MMP and Ca2+ balance, and reduces cytochrome c release.
These effects relieve cell cycle arrest and prevent apoptosis associated with an increased
BAX/BCL-2 ratio. Thus, HD holds promise as an effective anti-photoaging ingredient with
potential applications in the development of cosmetic products.

Keywords: autophagy-enhancing; Hedyotis diffusa; anti-photoaging; HaCaT keratinocytes

1. Introduction
Chronic UVB exposure accelerates skin photoaging, which differs from age-related

aging in that it can be reversed with appropriate interventions [1]. In the epidermis,
keratinocytes are the primary cell type directly impacted by the harmful effects of UVB
radiation. UVB primarily acts through chromophores, such as DNA, which absorb UVB
and trigger a cascade of biological effects. This absorption leads to the generation of
reactive oxygen species (ROS) as secondary byproducts, further contributing to cellular
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damage [2]. Notably, the UVB-induced HaCaT keratinocytes model effectively simulates
the early pathological processes of skin photoaging and is, therefore, widely used in skin
photoaging research [3]. Upon UVB exposure, it typically initiates a series of intracellular
stress responses, including oxidative stress, inflammation, and DNA damage [4,5]. These
insults disrupt autophagy, leading to the accumulation of dysfunctional mitochondria.
This triggers cell cycle arrest, increases apoptosis, and worsens skin photoaging while also
raising cancer risk [6,7]. Consequently, restoring mitophagy function has emerged as a
promising strategy for mitigating the progression of skin photoaging [8]. Furthermore,
recent studies have highlighted the systemic effects of UV radiation, showing that it not
only affects the skin but also impacts the brain and immune system [9].

Mitochondria, often referred to as the “powerhouses” of eukaryotic cells, play a pivotal
role in maintaining cellular function and stability by regulating Ca2+ balance, producing
metabolic intermediates, and controlling reactive oxygen species (ROS) production [10]. Ef-
ficient mitochondrial function depends on the dynamic regulation of mitophagy, a selective
form of autophagy that removes damaged mitochondria to maintain cellular homeostasis,
a process central to research on age-related neurodegenerative diseases [11]. Recently, the
importance of mitophagy in skin photoaging has gained increasing attention [12]. Cav-
inato et al. demonstrated that NIX-dependent mitophagy alleviates skin photoaging by
clearing damaged mitochondria [13]. Additionally, nicotinamide has been shown to restore
mitochondrial integrity and improve mitophagy, exerting anti-photoaging effects [14]. The
PI3K/AKT/mTOR pathway is an effective target in autophagy regulation. Meanwhile,
isoliquiritigenin induces melanin degradation in human epidermal keratinocytes by pro-
moting autophagy through the PI3K/AKT/mTOR pathway [15]. Although its role in
UVB-induced skin photoaging has been less studied, it has been widely investigated in mi-
tophagy regulation in cancer [16], neurodegenerative diseases [17], and atherosclerosis [18].
Based on this, we hypothesize that the PI3K/AKT/mTOR pathway may also play a key
role in addressing mitochondrial autophagy dysfunction in photoaging.

Simultaneously, UVB radiation induces leakage in the mitochondrial electron transport
chain, particularly in complexes I and III, leading to the production of superoxide anions
and other ROS [19,20]. This results in the accumulation of damaged mitochondria within
cells, becoming a primary trigger for the ROS surge following UVB exposure. In this
process, nuclear factor erythroid 2-related factor 2 (Nrf2) serves as a crucial regulator
by countering ROS-induced mitochondrial damage [21,22]. Specifically, Nrf2 facilitates
mitophagy regulation by upregulating antioxidant enzymes such as heme oxygenase-1
(HO-1) and NAD(P)H quinone oxidoreductase-1 (NQO-1) [3]. For instance, studies have
shown that urolithin A can alleviate UVA-induced photoaging in human dermal fibroblasts
by activating Nrf2 and promoting mitophagy [23]. Additionally, other studies indicate that
Nrf2 activation reduces UVB-induced ROS production through antioxidant mechanisms,
thereby mitigating mitochondrial damage [24]. Thus, the auxiliary regulation of the Nrf2
signaling pathway supports the maintenance of mitochondrial homeostasis.

Medicinal plants have attracted increasing attention in cosmetic product development
due to their natural origin and eco-friendly properties [25]. Hedyotis diffusa (HD), a tra-
ditional medicinal plant from the Rubiaceae family, is widely used to prevent and treat
tumors, urinary system disorders, and gastrointestinal diseases [26]. Moreover, HD has
demonstrated promising anti-aging effects in Caenorhabditis elegans models and exhibited
therapeutic potential in Alzheimer’s disease [27,28]. It contains bioactive compounds such
as quercetin and chlorogenic acid. Quercetin has been shown to regulate mitochondrial bio-
genesis, membrane potential, oxidative respiration, and ATP synthesis, thereby preventing
mitochondrial damage [29]. Meanwhile, chlorogenic acid enhances cellular autophagy, mit-
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igating oxidative stress-induced damage [30]. Despite these beneficial properties, research
on the application of HD in skin photoaging has not yet been reported.

This study used a UVB-induced photoaging cell model to investigate the effects of HD
on oxidative stress levels, the PI3K/AKT/mTOR signaling pathway, and mitophagy, ex-
ploring specific mechanisms related to PI3K/AKT/mTOR and Nrf2 signaling in mitigating
skin photoaging. The findings aim to support the development and application of HD as a
promising ingredient in anti-photoaging cosmetics.

2. Results
2.1. Chemical Contents of HD

Studies have shown that quercetin and chlorogenic acid possess mitochondrial pro-
tective and autophagy-promoting properties [29,30]. To determine their content in HD,
we used high-performance liquid chromatography (HPLC) under optimized separation
conditions tailored to each compound.

Figure 1a shows the retention time for quercetin standard as approximately 6.040 min.
In Figure 1b, quercetin was detected in the HD sample with a calculated content of 0.41%.
Similarly, Figure 1c shows the retention time for chlorogenic acid standard as 3.587 min,
while Figure 1d identifies chlorogenic acid in the HD sample at 3.590 min, with a calculated
content of 0.25%.
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Figure 1. HPLC chromatograms of quercetin standards (a) and HD (b) at 360 nm, and chlorogenic
acid standards (c) and HD (d) at 300 nm were obtained using a Discovery C18 column.

2.2. Antioxidant Effect of HD

Antioxidants can enhance autophagy, remove damaged cellular components, and
reduce oxidative stress [31,32]. Therefore, we evaluated the antioxidant activity of HD
by measuring its total flavonoid and total phenolic content, as well as its 2,2-diphenyl-1-
picrylhydrazyl (DPPH) and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
radical scavenging capacities [33]. Ascorbic acid (AA), renowned for its antioxidant proper-
ties, was used as the positive control group.

Phenolic and flavonoid compounds are typical antioxidant components in natural
products [34,35]. In HD, the concentrations of these compounds were determined to be
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26.47 ± 1.16 mg gallic acid/g extract and 69.62 ± 0.91 mg quercetin/g extract, respectively.
Furthermore, HD exhibited significant radical scavenging activity in a concentration-
dependent manner. The IC50 value for DPPH scavenging was 268.1 µg/mL, with a confi-
dence interval of 147.4–480.9 µg/mL (Figure 2a), while the IC50 value for ABTS scavenging
was 319 µg/mL, with a confidence interval of 236.3–426.2 µg/mL (Figure 2b). These results
indicate that HD possesses remarkable antioxidant activity.
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Figure 2. HD scavenging capacity for DPPH radicals (a) and ABTS radicals (b). Data are expressed as
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2.3. Effects of HD on ROS Levels in HaCaT Keratinocytes Post-UVB Treatment

ROS are critical markers of mitochondrial dysfunction, and their levels typically in-
crease significantly during mitochondrial damage [36,37]. Elevated ROS not only results
from mitochondrial dysfunction but also exacerbates it further, triggering apoptotic path-
ways [38]. In Figure 3b, UVB treatment led to a substantial increase in intracellular ROS
levels, reaching 338% of the control group, indicating severe mitochondrial damage.
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histogram. Cell viability following HD treatment is shown in (c). Data are expressed as the mean ± SD
from three independent replicates. *** p-value < 0.001 compared to the UVB-only treatment cells.
AA represents 10 µM ascorbic acid as a positive control group, and HD1, 10, and 50 refer to Hedyotis
diffusa at concentrations of 1, 10, and 50 µg/mL.

In contrast, HD treatment effectively suppressed the UVB-induced abnormal in-
crease in ROS levels, demonstrating remarkable antioxidant activity. At a concentration
of 50 µg/mL, HD reduced ROS levels by 50%, an effect comparable to that of the positive
control, ascorbic acid. These findings suggest that HD combats UVB-induced mitochondrial
damage by effectively inhibiting intracellular ROS accumulation.

2.4. Effects of HD on Mitochondrial Membrane Function in HaCaT Keratinocytes
Post-UVB Treatment

UVB-induced ROS accumulation leads to a loss of mitochondrial membrane potential
(MMP) and increased outer membrane permeability, facilitating the release of pro-apoptotic
factors such as cytochrome C [36,39]. Excessive ROS also disrupts calcium homeostasis,
causing abnormal elevations in cytoplasmic calcium concentrations and triggering calcium
overload [40]. This overload further exacerbates mitochondrial dysfunction by activat-
ing the mitochondrial permeability transition pore [41]. As shown in Figure 4a,b, UVB
treatment resulted in a significant 64% reduction in MMP, indicating severe mitochon-
drial damage. HD demonstrated a pronounced protective effect on MMP stability, with
50 µg/mL HD restoring MMP to 124% of the pre-UVB treatment levels, surpassing the
protective effect of ascorbic acid.

Furthermore, UVB-induced mitochondrial membrane damage disrupted intracellular
calcium homeostasis, leading to a 665% increase in cytoplasmic Ca2+ levels (Figure 4c,d).
Although ascorbic acid partially reduced the UVB-induced elevation in cytoplasmic Ca2+

levels, 50 µg/mL HD achieved a remarkable 1.5-fold greater suppression, highlighting its
superior regulatory capacity.

Additionally, as shown in Figure 4f, UVB exposure increased mitochondrial outer
membrane permeability, resulting in a 200% elevation in cytosolic cytochrome C levels.
HD significantly inhibited cytochrome c release, with 50 µg/mL HD reducing cytosolic
cytochrome C levels by 78.5%. These findings suggest that HD effectively mitigates UVB-
induced mitochondrial damage by stabilizing MMP, regulating calcium homeostasis, and
inhibiting cytochrome C release.

2.5. Effects of HD on the Bax/Bcl-2 Ratio in HaCaT Keratinocytes Post-UVB Treatment

Elevation of the Bax/Bcl-2 ratio is a critical marker of mitochondrial damage [42],
which enhances mitochondrial outer membrane permeability and induces the opening of
the permeability transition pore, thereby exacerbating membrane potential loss and the
release of pro-apoptotic factors, ultimately activating the mitochondria-mediated apoptotic
pathway [43]. As shown in Figure 5b, UVB treatment increased the Bax/Bcl-2 ratio by
258%, while 50 µg/mL HD treatment significantly reduced it by 52%. In comparison,
ascorbic acid showed a reduction of 43.9%. However, low concentrations of HD at 1 µg/mL
and 10 µg/mL exhibited negligible effects. These findings suggest that HD effectively
suppressed mitochondrial damage and the further propagation of apoptotic signaling.



Molecules 2025, 30, 261 6 of 18

Molecules 2025, 30, x FOR PEER REVIEW 5 of 20 
 

 

stability, with 50 µg/mL HD restoring MMP to 124% of the pre-UVB treatment levels, sur-
passing the protective effect of ascorbic acid. 

 

 
(b) 

 
(a) (c) 

Figure 3. Flow cytometry (FACs) results for intracellular ROS levels detected using the 2′,7′-dichloro 
fluorescein diacetate (DCFH-DA) dye are shown in (a), with (b) presenting the quantified data as a 
histogram. Cell viability following HD treatment is shown in (c). Data are expressed as the mean ± 
SD from three independent replicates. *** p-value < 0.001 compared to the UVB-only treatment cells. 
AA represents 10 µM ascorbic acid as a positive control group, and HD1, 10, and 50 refer to Hedyotis 
diffusa at concentrations of 1, 10, and 50 µg/mL. 

 

 
(b) 

 

(a) 

(d) 

Molecules 2025, 30, x FOR PEER REVIEW 6 of 20 
 

 

 

 
(e) 

 

(c) (f) 

Figure 4. FACs results of intracellular MMP levels (a), with (b) showing the quantified data as a 
histogram. FACs results of intracellular Ca2+ levels (c), and (d) provide the corresponding quantified 
data in histogram form. Western blot result of the effect of HD on extramitochondrial cytochrome 
C (e), quantified by histogram (f). Data are expressed as the mean ± SD from three independent 
replicates. *** p-value < 0.001 compared to the UVB-only treatment group. AA represents 10 µM 
Ascorbic acid as a positive control group, and HD1, 10, and 50 refer to Hedyotis diffusa at concentra-
tions of 1, 10, and 50 µg/mL. 

Furthermore, UVB-induced mitochondrial membrane damage disrupted intracellu-
lar calcium homeostasis, leading to a 665% increase in cytoplasmic Ca2+ levels (Figure 
4c,d). Although ascorbic acid partially reduced the UVB-induced elevation in cytoplasmic 
Ca2+ levels, 50 µg/mL HD achieved a remarkable 1.5-fold greater suppression, highlight-
ing its superior regulatory capacity. 

Additionally, as shown in Figure 4f, UVB exposure increased mitochondrial outer 
membrane permeability, resulting in a 200% elevation in cytosolic cytochrome C levels. 
HD significantly inhibited cytochrome c release, with 50 µg/mL HD reducing cytosolic 
cytochrome C levels by 78.5%. These findings suggest that HD effectively mitigates UVB-
induced mitochondrial damage by stabilizing MMP, regulating calcium homeostasis, and 
inhibiting cytochrome C release. 

2.5. Effects of HD on the Bax/Bcl-2 Ratio in HaCaT Keratinocytes Post-UVB Treatment 

Elevation of the Bax/Bcl-2 ratio is a critical marker of mitochondrial damage [42], 
which enhances mitochondrial outer membrane permeability and induces the opening of 
the permeability transition pore, thereby exacerbating membrane potential loss and the 
release of pro-apoptotic factors, ultimately activating the mitochondria-mediated apop-
totic pathway [43]. As shown in Figure 5b, UVB treatment increased the Bax/Bcl-2 ratio 
by 258%, while 50 µg/mL HD treatment significantly reduced it by 52%. In comparison, 
ascorbic acid showed a reduction of 43.9%. However, low concentrations of HD at 1 
µg/mL and 10 µg/mL exhibited negligible effects. These findings suggest that HD effec-
tively suppressed mitochondrial damage and the further propagation of apoptotic signal-
ing. 

Figure 4. FACs results of intracellular MMP levels (a), with (b) showing the quantified data as a
histogram. FACs results of intracellular Ca2+ levels (c), and (d) provide the corresponding quantified
data in histogram form. Western blot result of the effect of HD on extramitochondrial cytochrome
C (e), quantified by histogram (f). Data are expressed as the mean ± SD from three independent
replicates. *** p-value < 0.001 compared to the UVB-only treatment group. AA represents 10 µM
Ascorbic acid as a positive control group, and HD1, 10, and 50 refer to Hedyotis diffusa at concentrations
of 1, 10, and 50 µg/mL.
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Figure 5. Western blot results of the effects of HD on the Bax/Bcl-2 ratio are shown in (a), with
quantified displayed in histograms for Bax/Bcl-2 (b). Data are expressed as the mean ± SD from
three independent replicates. * p-value < 0.05, ** p-value < 0.01, and *** p-value < 0.001 compared to
the UVB-only treatment group. AA represents 10 µM ascorbic acid as a positive control group, and
HD1, 10, and 50 refer to Hedyotis diffusa at concentrations of 1, 10, and 50 µg/mL.
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2.6. Effects of HD on the PINK/PARK2 and PI3K/AKT/mTOR Signaling Pathway in HaCaT
Keratinocytes Post-UVB Treatment

Studies have shown that impaired mitophagy caused by the inhibition of the
PINK1/PARK2 pathway is a key mechanism underlying UVB-induced cellular dam-
age [44,45]. PINK1 and PARK2, as critical regulators of mitophagy, maintain mitochondrial
quality by selectively clearing damaged mitochondria [46]. Following UVB treatment of
HaCaT keratinocytes, the expression levels of PINK1 and PARK2 were reduced by 31% and
36%, respectively (Figure 6a–c), disrupting mitophagy and leading to the accumulation of
dysfunctional mitochondria. Treatment with ascorbic acid partially restored PINK1 and
PARK2 expressions by 52% and 96%, respectively. In contrast, 50 µg/mL HD exhibited a
more robust restorative effect, increasing PINK1 and PARK2 expression by 3.49-fold and
1.67-fold, respectively, compared to ascorbic acid.
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tory capacity by 18% and 17%, respectively. Additionally, ATP production, which was 
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Figure 6. RT-PCR results of the effects of HD on the PINK1/PARK2 signaling pathway are shown
in (a), with quantified displayed in histograms for PINK1 (b), and PARK2 (c). Western blot results
of the effects of HD on the PI3K/AKT/mTOR signaling pathway are shown in (d), with quantified
phosphorylation levels displayed in histograms for p-PI3K (e), p-AKT (f), p-mTOR (g), and p-4EBP
(h). Data are expressed as the mean ± SD from three independent replicates. *** p-value < 0.001
compared to the UVB-only treatment group. AA represents 10 µM ascorbic acid as a positive control
group, and HD1, 10, and 50 refer to Hedyotis diffusa at concentrations of 1, 10, and 50 µg/mL.

The accumulation of dysfunctional mitochondria caused by UVB further elevated
intracellular ROS levels [47]. The resulting oxidative stress abnormally activated the
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PI3K/AKT/mTOR signaling pathway, which inhibited the initiation of autophagy [48].
UVB exposure significantly increased the phosphorylation levels of PI3K, AKT, mTOR, and
4EBP1 (Figure 6d–h), indicating hyperactivation of this pathway. HD treatment effectively
suppressed this activation, reducing the phosphorylation levels of PI3K, AKT, mTOR, and
4EBP1 by 28%, 55%, 53%, and 89%, respectively, outperforming ascorbic acid.

These findings suggest that UVB disrupts autophagy by impairing PINK1/PARK2
expression and indirectly promoting the activation of the PI3K/AKT/mTOR pathway. HD
mitigates these effects, restoring autophagic balance and cellular homeostasis.

2.7. Effect of HD on Oxygen Consumption Rate (OCR) in HaCaT Keratinocytes
Post-UVB Treatment

UVB-induced accumulation of damaged mitochondria reduces the efficiency of the
electron transport chain (ETC), leading to significant declines in basal respiration and maxi-
mal respiratory capacity [49,50]. Furthermore, damaged mitochondria fail to synthesize
ATP efficiently, resulting in a decrease in ATP-linked respiration [36]. These parameters in
OCR analysis indirectly reflect mitophagy efficiency, as mitophagy maintains respiratory
function and cellular homeostasis by removing damaged mitochondria [45].

In OCR measurements, oligomycin is used to inhibit ATP synthase, allowing for the
evaluation of mitochondrial energy production efficiency and membrane integrity [51].
FCCP, an uncoupling agent, disrupts the proton gradient and forces ETC to operate at its
maximum rate, enabling the assessment of maximal respiratory capacity and spare respira-
tory capacity. These metrics reflect the potential for mitochondrial functional recovery [52].
The combination of rotenone and antimycin A completely inhibits ETC activity, providing
a baseline measurement of non-mitochondrial oxygen consumption [53].

As shown in Figure 7a,b, UVB treatment reduced basal respiration and maximal res-
piratory capacity by 34% and 24%, respectively. However, treatment with 50 µg/mL HD
significantly reversed these decreases, restoring basal respiration and maximal respiratory
capacity by 18% and 17%, respectively. Additionally, ATP production, which was reduced
by UVB treatment (Figure 7d), recovered by 31% following HD treatment. These data indi-
cate that UVB-induced damage significantly impairs basal respiration, maximal respiratory
capacity, and ATP production, while HD treatment effectively restores these parameters,
partially reversing UVB-induced mitochondrial dysfunction. This restoration is likely
closely associated with HD’s ability to promote mitophagy and enhance mitochondrial
quality control.

2.8. Effects of HD on HaCaT Keratinocytes Cycle Post-UVB Treatment

UVB exacerbates HaCaT keratinocyte cycle arrest through impaired autophagy, driv-
ing keratinocytes into a senescent state [54]. Senescent keratinocytes contribute to pho-
toaging by secreting the senescence-associated secretory phenotype [55]. We analyzed
keratinocyte cycle progression to assess whether HD can counteract UVB-induced pho-
toaging by modulating the keratinocyte cycle via autophagy activation. As shown in
Figure 8a,b, UVB treatment increased the proportion of keratinocytes in the S and G2
phases by 8.5% and 7.53%, respectively, indicating significant G2/M phase arrest. While
low concentrations of HD showed limited efficacy in reversing this arrest, 50 µg/mL of
HD effectively promoted keratinocyte cycle progression, with a slightly greater effect than
ascorbic acid.
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Figure 8. FACs analysis results of cell cycle (a), showing the quantified data as a histogram
(b). Data are expressed as the mean ± SD from three independent replicates. * p-value < 0.05,
and ** p-value < 0.01 compared to the UVB-only treatment group. AA represents 10 µM ascorbic acid
as a positive control group, HD1, 10, and 50 refer to Hedyotis diffusa at concentrations of 1, 10, and
50 µg/mL.

2.9. Effects of HD on Apoptosis-Related in HaCaT Keratinocytes Post-UVB Treatment

To determine whether the activation of autophagy by HD contributes to the restoration
of cellular function by suppressing UVB-induced apoptosis, we examined the expression
of apoptosis-related proteins, cleaved caspase-3 and cleaved caspase-9. As shown in
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Figure 9, UVB treatment significantly increased cleaved caspase-3 and cleaved caspase-9
levels by 258% and 48%, respectively. However, treatment with 50 µg/mL HD effectively
reduced these levels by 52% and 71%, respectively. These results suggest that HD mitigates
UVB-induced apoptosis, potentially through the activation of autophagy.
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Figure 9. Western blot results of the effects of HD on the apoptosis-related proteins are shown in (a),
with quantified displayed in histograms for cleaved caspase-3 (b), and cleaved caspase-9 (c). Data are
expressed as the mean ± SD from three independent replicates. *** p-value < 0.001 compared to the
UVB-only treatment group. AA represents 10 µM ascorbic acid as a positive control group, and HD1,
10, and 50 refer to Hedyotis diffusa at concentrations of 1, 10, and 50 µg/mL.

2.10. Effects of HD on the Nrf2/ARE Signaling Pathway in HaCaT Keratinocytes
Post-UVB Treatment

The activation of Nrf2 plays a critical role in upregulating autophagy-related genes.
To determine whether HD-induced autophagy involves the Nrf2 signaling pathway, we
analyzed the expression of Nrf2/ARE-associated proteins. As shown in Figure 10, UVB
exposure significantly suppressed Nrf2 pathway activity, reducing Nrf2 expression by 84%
and the downstream antioxidant enzymes HO-1, NQO1, and DLD by 68%, 4%, and 95%,
respectively. Notably, HD treatment not only reversed these reductions but also enhanced
the expression of Nrf2, HO-1, NQO1, and DLD by 525%, 52%, 26%, and 119%, respectively,
at a concentration of 50 µg/mL. These findings suggest that Nrf2/ARE plays a supportive
role in the HD-mediated promotion of autophagy.
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expressed as the mean ± SD from three independent replicates. *** p-value < 0.001 compared to the
UVB-only treatment group. AA represents 10 µM ascorbic acid as a positive control group, and HD1,
10, and 50 refer to Hedyotis diffusa at concentrations of 1, 10, and 50 µg/mL.

3. Discussion
Medicinal plants exhibit significant protective effects against UVB-induced skin

photoaging by leveraging multi-target advantages through a multi-pathway regula-
tion [56]. For instance, Glycyrrhiza glabra, Lithospermum erythrorhizon, and Angelica gigas
are widely utilized as cosmetic ingredients [57–59]. However, current developments in
anti-photoaging agents focus primarily on anti-inflammatory, antioxidant, and collagen
regulation effects, with limited attention to mitochondrial regulation, which is closely
related to aging [19]. This study aimed to determine whether HD can counteract UVB-
induced photoaging by modulating the mitophagy of dysfunctional mitochondria in UVB-
treated HaCaT keratinocytes to explore the potential of HD as a candidate for anti-aging
cosmetic development.

Mitochondria are the primary energy source for cells, so any dysfunction directly
impacts cellular vitality and tissue function, making mitochondrial health crucial in age-
related diseases [10,60]. Research by Li et al. demonstrated that UVB exposure increases
mitochondrial quantity but significantly reduces efficiency, suggesting that UVB inhibits
mitophagy [44]. The mitochondrial ETC is composed of four main complexes (I–IV) located
on the inner mitochondrial membrane, generating cellular energy through electron trans-
fer [10,61]. However, UVB-induced ROS damages complexes I and III, reduces membrane
potential, progressively exhausts mitochondrial function, and causes abnormal calcium
accumulation and release [36,37]. Meanwhile, cytochrome c translocates into the cyto-
plasm, activating caspase-9 and initiating an apoptotic cascade, ultimately promoting cell
death [62]. Excessive apoptosis can heighten the risk of skin cancer [44]. Intervening with
mitophagy at mid-stage and accelerating the clearance of damaged mitochondria can help
prevent programmed cell death [46,63]. Figure 4 shows that HD effectively maintains
mitochondrial membrane potential, reduces proton leakage, and restores normal energy
metabolism (Figure 4a–d) while lowering cytochrome c release (Figure 4f) and inhibiting
apoptosis (Figure 9). This suggests HD is an effective mitochondrial health stabilizer.

Based on the evidence supporting HD’s role in maintaining mitochondrial health, we
further explored its underlying mechanism. Studies indicate that Artemisia extract restores
mitophagy by activating the PINK1/Parkin expression [64,65]. When mitochondria are
damaged, and membrane potential decreases, PINK1 accumulates on the outer membrane
and recruits Parkin (an E3 ubiquitin ligase) [10], marking damaged mitochondria for au-
tophagic clearance. UVB exposure, however, suppresses PINK1/Parkin expression in
HaCaT keratinocytes, blocking mitophagy. Notably, Figure 6a–c shows that HD effec-
tively activates PINK1/Parkin. Meanwhile, the PI3K/AKT/mTOR pathway functions
as a switch in regulating mitophagy; when phosphorylated, it inhibits mitophagy. Upon
mTOR inhibition, 4EBP binds to eIF4E, suppressing protein synthesis and redirecting cellu-
lar resources toward repairing and clearing damaged mitochondria, thereby promoting
mitophagy [66,67]. In neurodegenerative diseases, this mechanism helps clear protein
aggregates and slows disease progression [68]. Moreover, Figure 6d–h demonstrate that
HD effectively suppresses UVB-induced activation of the PI3K/AKT/mTOR pathway.
Compared to other plant extracts, HD exhibits a unique regulatory effect on these path-
ways. For instance, extracts like resveratrol are known to inhibit the PI3K/AKT/mTOR
pathway [12], but they lack the robust dual activation of PINK1/Parkin observed with
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HD. This indicates that HD plays a dual regulatory role in both the PINK1/Parkin and
PI3K/AKT/mTOR pathways, contributing to the maintenance of mitochondrial health.

Additionally, Nrf2 acts as an auxiliary regulatory pathway in autophagy. Research has
shown that maltol promotes mitophagy and prevents neuronal apoptosis by activating Nrf2
to stimulate the PINK1/Parkin pathway [69]. Similarly, in hyperglycemia-induced tubu-
lar cell damage, Nrf2 enhances mitochondrial quality by facilitating mitophagy through
PINK1/Parkin, reducing ROS accumulation and protecting cells from injury [70]. While
no studies have explored Nrf2/PINK1/Parkin expression in UVB-treated HaCaT ker-
atinocytes, our research aligns with this perspective. Figure 10 demonstrates that HD
effectively activates the Nrf2 pathway in UVB-treated HaCaT keratinocytes, aiding in the
clearance of damaged mitochondria, further indicating that Nrf2 plays a supportive role in
HD-mediated autophagy activation.

Although we demonstrated the anti-photoaging effects of HD using in vitro cell mod-
els (Figure 11), these models cannot fully replicate the complexity of human skin. Notably,
HaCaT cells, as an immortalized line with a P53 mutation, may not fully represent the
behavior of normal keratinocytes. Therefore, further validation is needed using normal
primary keratinocytes and human skin organ cultures to simulate physiological condi-
tions better. Additionally, the bioavailability of HD’s active ingredients poses a significant
challenge in cosmetic development [71]. Advanced delivery systems, such as nanopar-
ticles, liposomes, or microemulsions, may be required to enhance its absorption and
effectiveness [72].
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4. Materials and Methods
4.1. HD Extractions

Dried HD was supplied by Bozhou Mingjie Biotechnology Co., Ltd. (Bozhou, China)
During the preparation process, the crushed 100 g HD was immersed in a 1 L 30% (v/v)
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ethanol solution and stirred overnight. Subsequently, the mixture was filtered using a
5 µm filter paper (HYUNDAI MICRO, Anseong-si, Republic of Korea). The filtered product
was then concentrated under pressure using a Low-Temperature Circulator CoolAce CCA-
1112A (EYELA, Tokyo, Japan) and reduced to a powder through vacuum evaporation. The
yield of the final sample was 27.6%. Currently, this HD extract is properly stored in the
laboratory at Kyung Hee University Global Campus in Yongin, Republic of Korea.

4.2. HPLC

Both 1 mg/mL HD and the standard compounds (quercetin and chlorogenic acid)
were dissolved in 100% methanol. The Dionex Chromeleon™ system (Thermo Fisher
Scientific, Waltham, MA, USA), featuring a UVD100 detector and a P580 pump, was used for
HPLC analysis. Chromatographic separation was performed on a Discovery C18 column
(25 cm × 4.5 mm, 5 µm; Supelco, Inc., Bellefonte, PA, USA). The flow rate was set to
1.0 mL/min, with an injection volume of 30 µL, while the column was kept at 23 ◦C. A
detailed description of the analytical methods is provided in Supplementary Table S1.

4.3. Measurement of Antioxidant Capacity

The contents of phenol and flavonoid compounds in HD were determined using the
Folin–Ciocalteu method and nitrite colorimetric method, following previously described
protocols [3]. Briefly, total phenol content was assessed by reacting HD with Folin–Ciocalteu
reagent and Na2CO3 solution and measured at 760 nm using a FilterMax F5 microplate
reader (Molecular Devices, San Francisco, CA, USA), with gallic acid as the standard. Total
flavonoid content was measured via the nitrite colorimetric method [3], where HD was
reacted with 10% AlCl3 solution and recorded at 510 nm, using quercetin as the standard
for quantification.

HD’s antioxidant capacity was confirmed by its DPPH and ABTS radical scavenging
activities. For the DPPH assay, 40 µL of HD at concentrations ranging from 31.25 to
1000 µg/mL was combined with 160 µL of 0.2 mM DPPH solution and incubated in the
dark for 30 min, after which absorbance was read at 595 nm. For the ABTS assay, a solution
of 2.5 mM ABTS and 1 mM 2,2′-azobis (2-amidinopropane) dihydrochloride (AAPH) in
150 mM sodium chloride was prepared [73]. HD and ABTS solutions were mixed in equal
volumes and incubated in the dark for 10 min before being measured at 405 nm. Ascorbic
acid served as positive control. The inhibition of DPPH and ABTS radicals by the samples
was determined using the following formula:

DPPH and ABTS radical scavenging (%) =
OD0 − ODX

OD0
× 100 (1)

where OD0 represents the optical density measured for the negative control, and ODX

represents the optical density measured at different concentrations of HD or AA.

4.4. Cell Culture and Photoaging Model Establishment

HaCaT keratinocytes (ATCC, Manassas, VA, USA) were cultured at 37 ◦C in a 5% CO2

incubator using Dulbecco’s Modified Eagle Medium (DMEM) (Sigma-Aldrich, St. Louis,
MO, USA) supplemented with 10% fetal bovine serum (Hyclone, Logan, UT, USA).

When the cells reached 80% confluence, HaCaT keratinocytes were treated with UVB
irradiation at 80 mJ/cm2 using the Bio-Link BLX-312 system (Vilber Lourmat GmbH,
Marne-la-Vallée, France) [73]. Following UVB exposure, the cells were incubated with
serum-free DMEM diluted with HD samples or ascorbic acid. The treatment time depended
on the specific experiment. The selection of HD concentrations was based on previous
studies [74].
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4.5. Cytotoxicity

HaCaT keratinocytes viability after HD treatment was assessed by incubating cells
overnight, adding 0.1 mg/mL Thiazolyl Blue Tetrazolium Bromide (Sigma, St. Louis, MO,
USA), and keeping them in the dark for 4 h to form formazan crystals. The crystals were
dissolved in DMSO and measured at 570 nm [3].

4.6. FACs

Fluo-4 AM fluorescent probe was used to assess intracellular Ca2+ levels. After being
treated for 24 h, cells were digested and collected using 0.25% trypsin-EDTA (TE) (Gibco,
Carlsbad, CA, USA), washed twice, and resuspended in 1X PBS. These cells were incubated
with 1 µM Fluo-4 AM (Invitrogen, Waltham, MA, USA) at 37 ◦C for 1 h. After incubation,
the cells were washed and resuspended in 1X PBS and analyzed by BD Accuri C6 flow
cytometer (BD Biosciences, Ann Arbor, MI, USA) using the FITC channel.

For ROS detection, after being treated for 24 h, cells were incubated with 30 µM
DCFH-DA (Sigma) in the dark for 30 min, and the cells were harvested using 0.25% TE.
Intracellular ROS levels were quantified using a FITC channel.

To evaluate the effect of HD on the cell cycle, cells were treated for 48 h and then
fixed in 70% ethanol at 4 ◦C overnight after RNase A treatment (1.5 mg/L) and PI (BD
Biosciences, Franklin Lakes, NJ, USA) staining. Cell cycle distribution was determined
using the PE channel.

For MMP analysis, cells were treated for 48 h, then collected and washed with
0.25% TE. The cells were subsequently resuspended in 1X PBS and stained with 2.5 µg/mL
JC-1 dye (Sigma) at 37 ◦C for 30 min. After staining, the cells were washed and resuspended
in 1X PBS, followed by detection using both PE and FITC channels.

4.7. Measurement of the Cellular OCR

The cellular OCR assay was conducted with reference to previous studies [52]. Mi-
tochondrial respiration was assessed using the Agilent Seahorse XF Cell Mito Stress Test
Kit and the Seahorse XF HS Mini Analyzer (Agilent Technologies, Santa Clara, CA, USA).
Cells were seeded into specialized culture plates, and after overnight incubation, the
medium was replaced with the assay-specific medium provided in the kit. The plates were
then incubated in a non-CO2 incubator at 37 ◦C for up to 30 min. Following incubation,
oligomycin (1.5 µM), FCCP (0.5 µM), and a combination of rotenone and antimycin A
(0.5 µM) were sequentially injected into different ports of the flux cartridge according to the
manufacturer’s instructions.

Basal Respiration = Initial OCR − Non − mitochondrial OCR (2)

Maximal Respiratory Capacity = OCR after FCCP treatment − Non-mitochondrial OCR (3)

ATP production = Basal OCR − OCR a f ter oligomycin treatment (4)

4.8. RT-PCR

After being treated for 24 h, RNA was extracted using TRIZOL reagent (Invitrogen
Life Technologies, Carlsbad, CA, USA). For cDNA synthesis, 2 µg of total RNA was reverse
transcribed with oligo-dT18 primers. PCR amplification was conducted using PCR premix
(Bioneer Co., Daejeon, Republic of Korea). RT-PCR was conducted on a Veriti thermal
cycler (Applied Biosystems, Foster City, CA, USA) with the following primer pairs: human
PINK, forward 5′-CCC AAG CAA CTA GCC CCT C-3′, reverse 5′-GGC AGC ACA TCA
GGG TAG TC-3′; human PARK2, forward 5′-CCC ACC TCT GAC AAG GAA ACA-3′,
reverse 5′-TCG TGA ACA AAC TGC CGA TCA-3′; and human GAPDH, forward 5′-GAA
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GGT GAA GGT CGG AGT C-3′, reverse 5′-GAA GAT GGT GAT GGG ATT TC-3′. Each
experiment was performed in triplicate with specificity optimized prior to experimentation.

4.9. Western Blotting

Cells were harvested using a cell scraper to collect cells after treatment for 3, 4, 6,
and 9 h, then centrifuged at 12,000 rpm for 20 min. After removing the supernatant,
we added 50 µL of RIPA buffer and lysed the cells at 4 ◦C for 10 min. Following lysis,
they were centrifuged again to collect the supernatant, then protein concentration was
quantified using the Pierce™ BCA Protein Assay Kit (Thermo Scientific, Rockford, IL, USA).
Mitochondrial and cytoplasmic proteins were separated using the Mitochondrial Isolation
Kit (Beyotime Institute of Biotechnology, Nantong, China) and the quantified samples
were mixed with sample buffer and denatured at 95 ◦C. After SDS-PAGE, the proteins
were transferred to an Immobilon-P PVDF membrane (Millipore, Burlington, MA, USA)
using the wet transfer method. The membrane was blocked and incubated overnight with
specific primary antibodies from Cell Signaling Technology (Beverly, MA, USA) and Santa
Cruz Biotechnology (Santa Cruz, CA, USA). After washing with TBST buffer, samples
were incubated with appropriate secondary antibodies from Bio-Rad (Hercules, CA, USA).
Signals were detected using Dyne ECL Pico Plus (DYNEBIO, Seongnam, Republic of Korea)
and results analyzed with UVI-1D v. 16.11a program (UVITEC, Warwickshire, UK).

4.10. Statistical Methods and Analysis

Data were assessed using FlowJo_V10.8.1 (Treestar, Ashland, OR, USA), GraphPad
Prism 8 (GraphPad Software Inc., La Jolla, CA, USA), and ImageJ (https://imagej.net/ij/,
National Institutes of Health, Bethesda, MD, USA). The presentation of the results involved
the average ± SD from three independent experiments, subsequently analyzed using
analysis of variance (ANOVA). * p-value < 0.05, ** p-value < 0.01, and *** p-value < 0.001.

5. Conclusions
This study indicates that HD is a promising cosmetic additive capable of effectively

stabilizing mitochondrial health, thereby combating UVB-induced skin photoaging. HD
modulates mitophagy through the PINK1/Parkin and PI3K/AKT/mTOR pathways, miti-
gating UVB-induced mitochondrial dysfunction and apoptosis in HaCaT keratinocytes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules30020261/s1, Table S1: The detailed elution conditions
utilized for HPLC.
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