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Abstract: Breast cancer is the most commonly diagnosed cancer in women. Resveratrol, a naturally
occurring phytochemical, shows great promise in developing novel anti-cancer therapies. This study
hypothesized that the mitochondria-targeted delivery of resveratrol would increase its potency and
induce mitochondria-mediated apoptosis. The targeted delivery of resveratrol was achieved by
conjugating resveratrol to triphenylphosphonium (TPP). The anti-cancer effects of TPP-resveratrol
were studied in the murine breast cancer 4T1 and the human breast cancer MDA-MB-231 cell lines.
Flow cytometry was used to study apoptosis induction, cell cycle arrest, and mitochondrial mem-
brane potential loss. The morphological changes in the mitochondria in MDA-MB-231 cells after
TPP-resveratrol treatments were examined using transmission electron microscopy. Moreover, the
changes in MDA-MB-231 cell metabolism after resveratrol and TPP-resveratrol treatments were
studied using metabolomic analysis. We demonstrate that TPP-resveratrol significantly improved
cytotoxicity in 4T1 cells and MDA-MB-231 cells by inducing apoptosis and mitochondrial membrane
potential loss. Swollen and vacuolated mitochondria were observed after the TPP-resveratrol treat-
ment. Meanwhile, TPP-resveratrol treatment down-regulated amino acid and energy metabolism
and caused the dysfunction of purine and pyrimidine metabolism. Our results provide evidence
supporting the targeted delivery of resveratrol to mitochondria and suggest that TPP-resveratrol may
be an effective agent for breast cancer treatment.

Keywords: mitochondrial targeting; triphenylphosphonium; resveratrol; breast cancer; metabolomics

1. Introduction

Breast cancer is one of the most life-threatening diseases with a high mortality rate
among women [1]. Traditional breast cancer therapies, including surgery, chemother-
apy, and radiotherapy, have been used to treat a variety of cancers and improve patients’
survival rates [2]. Although these treatments have been successful to some extent, they
are not sufficient to eliminate all cancer cells and are associated with multiple adverse
effects. Surgery, for example, does not prevent tumor recurrence and is usually followed
by adjuvant therapy to reduce the risk of metastasis [3]. In addition, chemotherapy and
radiotherapy treatments are often limited by cytotoxicity, multi-drug resistance, and poor
selectivity [4]. Therefore, the development of novel, effective alternatives is imperative to re-
duce the side effects and improve the therapeutic efficacy of current breast cancer therapies.

In recent years, organelle-targeted drug delivery systems have attracted increasing
attention as a means to reduce toxicity, lower drug dosages, improve therapeutic efficiency,
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and prevent drug resistance in cancer patients [5–7]. Mitochondria are crucial subcellular
organelles that play an important role in cellular energy production, metabolism, and
signaling. It has emerged as one of the most important targets for new drug design in
cancer treatment [8,9]. Mitochondrial targeting can be classified into three types: lipophilic
cation moieties, penetrating peptides, and mitochondrial targeting signal proteins [10]. One
of the most widely used lipophilic cations is triphenylphosphonium (TPP). TPP conjugated
with drugs, such as doxorubicin, coenzyme Q10, and curcumin, has been suggested as an
alternative approach to cancer therapy [11–13].

Resveratrol, a natural polyphenolic phytoalexin, exhibits promising anti-cancer prop-
erties [14]. The anti-cancer effect may be due to apoptosis induction through the mito-
chondrial pathway. Resveratrol is also an inhibitor of mitochondrial complex III [9]. It
could inhibit the activity of the adenine nucleotide transporter and decrease mitochondrial
oxygen consumption [15]. Lucia Biasutto reported that TPP-resveratrol conjugates could
significantly increase the cytotoxicity of colon cancer cells [16]. However, the specific
mechanism of the TPP-resveratrol complex in cancer treatment remains poorly understood
and needs further investigation.

Currently, metabolomics provides a promising analytical tool for identifying biomark-
ers and metabolic pathways altered in cancer and allows an in-depth investigation of the
mechanisms associated with medical exposures [17]. It has been successfully applied to
evaluate the effects of various drugs on breast cancer cells, lung adenocarcinoma cells, hep-
atocellular carcinoma cells, and prostate cancer cells [18–21]. At present, nuclear magnetic
resonance (NMR), gas chromatography (GC), and liquid chromatography (LC) coupled
with mass spectrometry (MS) are the most commonly used methods for metabolite detec-
tion [22]. In contrast to the other approaches, LC/MS offers higher efficiency in metabolic
profiling, which is important for untargeted metabolomic research [19]. Therefore, in
this study, we used LC/MS-based global metabolic profiling to investigate the effects of
resveratrol and TPP-resveratrol on breast cancer cells.

2. Results
2.1. Cytotoxicity

To evaluate the anti-cancer effects of resveratrol and TPP-resveratrol, murine 4T1 and
human MDA-MB-231 breast cancer cell line models were used. In the 4T1 cell cells, the
IC50 values of resveratrol and TPP-resveratrol were 21.067 ± 3.7 and 16.216 ± 1.85 µM,
respectively. The IC50s of resveratrol and TPP-resveratrol on the MDA-MB-231 cells were
29.97 ± 1.25 and 11.82 ± 1.46 µM, respectively. TPP did not show significant cytotoxicity
to 4T1 and MDA-MB-231. Compared with resveratrol, the TPP-resveratrol conjugate
significantly enhanced the anti-cancer effect of resveratrol (p < 0.05).

2.2. Mitochondrial Membrane Potential Loss

Mitochondrial membrane potential loss was assessed by flow cytometry. Rhodamine
123 (Rh-123) could penetrate the cell membrane and accumulate in the mitochondria of
living cells, emitting yellow-green fluorescence. In this study, 4T1 and MDA-MB-231
retained 92.73 ± 0.28% and 95.56 ± 0.05% fluorescence, respectively. When 4T1 and MDA-
MB-231 cells were treated with 50 µM resveratrol for 6 h, the fluorescence decreased to
13.46 ± 0.55% and 5.78 ± 0.04%, respectively. After the TPP-resveratrol treatment (50 µM),
the fluorescence was reduced to 40.33 ± 0.38% and 19.33 ± 0.25% in the 4T1 and MDA-MB-
231 cell lines, respectively (Figure 1).
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Figure 1. Representative flow cytometry histograms of 4T1 and MDA-MB-231 mitochondrial mem-
brane potential loss after 50 µM resveratrol or TPP-resveratrol treatment. (A) The treatments induced
membrane potential loss in 4T1 cells. (B) Membrane potential loss in MDA-MB-231 cells after the
treatments. (C) Statistical analysis of the potential loss in 4T1 cells. (D) Statistical analysis of the
potential loss in MDA-MB-231 cells (* p < 0.05).

2.3. Cell Apoptosis Induction

Apoptosis induction was studied using an Annexin V-FITC Apoptosis Detection Kit
via flow cytometry. Propidium iodide (PI) is a nucleic acid dye that can only penetrate
the membrane of late apoptotic and dead cells. Annexin V and PI were combined to
distinguish late apoptotic cells from dead cells [23]. After the 4T1 cells were treated with
50 µM resveratrol or TPP-resveratrol, the total apoptotic cells were 16.6 ± 0.47% and
36.6 ± 0.45%, respectively. In the MDA-MB-231 cell line, the apoptotic cell populations of
resveratrol and TPP-resveratrol treatments were 10.4± 0.27% and 23.6± 0.62%, respectively
(Figure 2).



Pharmaceuticals 2022, 15, 1271 4 of 19Pharmaceuticals 2022, 15, x FOR PEER REVIEW  4  of  21 
 

 

 

Figure 2. Representative results of apoptosis for resveratrol and TPP‐resveratrol treatments of 4T1 

and MDA‐MB‐231 breast cancer cells. Resveratrol and TPP‐resveratrol treatments induced 4T1 (A) 

and MDA‐MB‐231  (B) cell apoptosis. Statistical analysis of apoptosis  in 4T1 cancer cells  (C) and 

MDA‐MB‐231 cancer cells (D) by flow cytometry (* p < 0.05). 

2.4. Cell Cycle Arrest 

Cell cycle arrest was analyzed using flow cytometry to determine  if resveratrol or 

TPP‐resveratrol induced apoptosis‐altered cell cycle distribution. The fluorescent dye PI 

could enter cells with damaged membranes and bind to their DNA. This strategy allowed 

the proportion of cells at each stage to be assessed according to their DNA content. In 4T1 

cells, resveratrol arrested the cell cycle in the G1 phase (47.69%) and TPP‐resveratrol ar‐

rested the cell cycle in the G1 (38.94%) and G2 (19.29%) phases. On the other hand, MDA‐

MB‐231 cells were arrested  in  the G1 phase after  resveratrol and TPP‐resveratrol  treat‐

ments (Figure 3).   

Figure 2. Representative results of apoptosis for resveratrol and TPP-resveratrol treatments of 4T1
and MDA-MB-231 breast cancer cells. Resveratrol and TPP-resveratrol treatments induced 4T1
(A) and MDA-MB-231 (B) cell apoptosis. Statistical analysis of apoptosis in 4T1 cancer cells (C) and
MDA-MB-231 cancer cells (D) by flow cytometry (* p < 0.05).

2.4. Cell Cycle Arrest

Cell cycle arrest was analyzed using flow cytometry to determine if resveratrol or
TPP-resveratrol induced apoptosis-altered cell cycle distribution. The fluorescent dye PI
could enter cells with damaged membranes and bind to their DNA. This strategy allowed
the proportion of cells at each stage to be assessed according to their DNA content. In
4T1 cells, resveratrol arrested the cell cycle in the G1 phase (47.69%) and TPP-resveratrol
arrested the cell cycle in the G1 (38.94%) and G2 (19.29%) phases. On the other hand,
MDA-MB-231 cells were arrested in the G1 phase after resveratrol and TPP-resveratrol
treatments (Figure 3).

2.5. Mitochondrial Morphology

Transmission electron microscopy (TEM) was used to evaluate the morphological
changes in mitochondria after resveratrol and TPP-resveratrol treatments. In MDA-MB-231
cells, mitochondrial cristae were partly lost after resveratrol treatment. Furthermore, after
TPP-resveratrol treatment, swollen and vacuolated mitochondria were observed (Figure 4).
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Figure 3. Representative results of cell cycle analysis for the resveratrol and TPP-resveratrol treat-
ments of 4T1 and MDA-MB-231 breast cancer cells. (A) Both resveratrol and TPP-resveratrol induced
4T1 cell cycle arrest in the G1 phase. (B) The cell cycle was arrested in the G1 phase following
resveratrol or TPP-resveratrol treatment in MDA-MB-231 breast cancer cells.

2.6. Metabolic Profiling Using Multivariate Analysis

The effects of resveratrol and the TPP-resveratrol conjugate on the human breast
cancer MDA-MB-231 cells were analyzed using a metabolomics approach. The Pearson
correlation coefficients between the quality control (QC) samples were calculated to assure
data reliability [24]. As shown in Figure 5, the values were close to 1 in both the positive- and
negative-ion modes, demonstrating that the obtained data were reliable. An unsupervised
multivariate analysis method, principal component analysis (PCA), was carried out to
obtain an overview of the metabolic pattern changes. As shown in Figure 5C,D, the
metabolic patterns in the control, resveratrol, and TPP-resveratrol groups were primarily
separated based on intracellular metabolites in both the positive and negative modes.

Orthogonal projections to latent structures–discriminant analysis (OPLS-DA) models
were established to investigate the metabolite profiles in different groups (Figures 6 and 7).
Figures 6A,D and 7A,D showed the score plots between the control/resveratrol groups
and control/TPP-resveratrol groups in the positive- and negative-ion modes. The results
indicated that the cancer cell metabolites were significantly altered after resveratrol and
TPP-resveratrol treatments. Meanwhile, the permutation test was used to evaluate the
OPLS-DA models’ fitting abilities and prediction abilities (Figures 6B,E and 7B,E). The
related parameters showed that R2 was higher than Q2, and the regression line of the
Q2 points intersected the vertical at below zero, demonstrating that the models did not
over-fit [19]. These results in our study followed the above standards, indicating that the
OPLS-DA models were reliable.
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Figure 6. Differential metabolites selection in the MDA-MB-231 cells after resveratrol treatment.
Score plots of OPLS-DA and permutation tests in the positive-ion mode (A,B) and negative-ion mode
(D,E). The OPLS-DA models’ statistical parameters are as follows: (A) R2Y = 0.99, Q2Y = 0.98 and
(D) R2Y = 0.99, Q2Y = 0.94. Volcano plots of resveratrol treatments compared with controls in the
positive-ion mode (C) and negative-ion mode (F).

2.7. Identification of Significantly Altered Metabolites

The criteria for identifying differential metabolites were as follows: VIP > 1, p-value < 0.05,
and fold change >2 or <0.5. Among the differential metabolites in MDA-MB-231 cells, 70 for
resveratrol and 191 for TPP-resveratrol treatment were significantly higher than those in
the control group, while 51 for resveratrol and 163 for TPP-resveratrol treatment were
significantly lower (Figure 6C,F and Figure 7C,F). This demonstrates that TPP-resveratrol
treatment had a more pronounced effect on cellular metabolism than the resveratrol group.

The significantly altered metabolites included glycerophospholipids, organohetero-
cyclic compounds, nucleosides, nucleotides and analogs, organic acids and derivatives,
organic oxygen compounds, lipids and lipid-like molecules, phenylpropanoids and polyke-
tides, benzenoids, and organic nitrogen compounds (Figure 8A,B). In the Venn diagram
analysis, 25 features were identified as common to both groups, while 329 and 96 were
unique features to the TPP-resveratrol and resveratrol groups, respectively (Figure 8C). In
addition, these differential metabolites were selected for further analysis.

The predominant compounds detected in the resveratrol and TPP-resveratrol groups
were glycerophospholipids (16.53%, Figure 8A) and organic acids and derivatives (20.34%,
Figure 8B), respectively. The up-regulated glycerophospholipids in the MDA-MB-231 cells
are listed in Table 1. Table 2 shows biologically relevant metabolites and pathways that
changed significantly in the cells after treatment with resveratrol and TPP-resveratrol.
Among them, 11 metabolites belonging to organic oxygen compounds, organic acids and
their derivatives, organoheterocyclic compounds, nucleosides, nucleotides and analogs,
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and organoheterocyclic compounds were increased. Thirty-eight metabolites associated
with organic acids and derivatives, nucleosides, nucleotides and analogs, organic nitro-
gen compounds, and organoheterocyclic compounds were decreased compared with the
control group.
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Figure 7. Differential metabolites selection in the MDA-MB-231 cells after TPP-resveratrol treatment.
Score plots of OPLS-DA and permutation tests in the positive-ion mode (A,B) and negative-ion
mode (D,E). The OPLS-DA models’ statistical parameters are as follows: (A) R2Y = 1 Q2Y = 0.98 and
(D) R2Y = 1 Q2Y = 0.99. Volcano plots of TPP-resveratrol treatments compared with controls in the
positive-ion mode (C) and negative-ion mode (F).

2.8. Perturbed Metabolic Pathways Caused by Resveratrol and TPP-Resveratrol Exposure

A comprehensive metabolic network analysis was performed using MetabolAnalyst
5.0, revealing the most relevant pathways affected by resveratrol and TPP-resveratrol.
Compared with the control group, alanine, aspartate and glutamate metabolism, purine
metabolism, arginine biosynthesis, pyrimidine metabolism, arginine and proline metabolism,
and nicotinate and nicotinamide metabolism were the significantly altered pathways in
the TPP-resveratrol group (Figure 9A). In the resveratrol group, the impact value was low,
even though the most significantly altered pathway was the pentose phosphate pathway
(Figure 9B). Information regarding the relevant metabolites in these pathways and the
tricarboxylic acid cycle (TCA cycle) is shown in Table 2.
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Figure 8. Classes of metabolites identified in the resveratrol group (A) and the TPP-resveratrol
group (B). (C) Venn diagram showing the common and unique features between the resveratrol and
TPP-resveratrol treatments.
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Table 1. Significantly altered glycerophospholipids in the MDA-MB-231 cells after resveratrol treatment.

Metabolites m/z RT 1 (min) Formula Trend

LPC 2 12:0 440.276 7.246 C20H42NO7P Up
LPC 14:0 512.300 8.299 C22H46NO7P Up
LPC 15:0 482.324 8.738 C23H48NO7P Up
LPC 16:0 540.331 9.187 C24H50NO7P Up
LPC 16:1 538.316 8.550 C24H48NO7P Up
LPC 17:1 552.331 8.971 C25H50NO7P Up
LPC 18:0 568.362 10.058 C26H54NO7P Up
LPC 18:1 566.347 9.174 C26H52NO7P Up
LPC 18:2 564.331 8.844 C26H50NO7P Up
LPC 20:3 590.347 9.152 C28H52NO7P Up
LPC 20:5 586.316 8.285 C28H48NO7P Up
LPC 22:6 612.332 8.709 C30H50NO7P Up

LPE 3 14:0 426.261 8.184 C19H40NO7P Up
LPE 16:0 452.279 9.052 C21H44NO7P Up
LPE 16:1 450.263 8.434 C21H42NO7P Up
LPE 17:0 468.308 9.452 C22H46NO7P Up
LPE 18:0 480.310 9.857 C23H48NO7P Up
LPE 18:1 480.308 9.265 C23H46NO7P Up
LPE 18:2 478.292 8.713 C23H44NO7P Up

Lysopc 18:2 520.342 9.01 C26H50NO7P Up
1 RT: retention time; 2 LPC: lysophosphatidylcholine; 3 LPE: lysophosphatidylethanolamine.

Table 2. Biologically relevant metabolites and pathways that changed significantly in the cells after
resveratrol and TPP-resveratrol treatments.

Metabolic Pathways Metabolites Superclass m/z RT 1 (min) Formula Trend

Pentose phosphate
pathway

D-Ribulose 5-phosphate Organic oxygen
compounds 229.012 1.207 C5H11O8P Up

6-Phospho-D-gluconate Organic oxygen
compounds 275.017 1.661 C6H13O10P Up

TCA 2 cycle

Succinic acid Organic acids
and derivatives 117.019 2.402 C4H6O4 Down

cis-Aconitic acid Organic acids
and derivatives 173.009 2.642 C6H6O6 Down

Fumaric acid Organic acids
and derivatives 115.003 2.316 C4H4O4 Down

Citric acid Organic acids
and derivatives 191.019 1.923 C6H8O7 Down

Malic acid Organic acids
and derivatives 133.014 1.504 C4H6O5 Down

Alanine, aspartate,
and glutamate

metabolism

N-Acetyl-aspartic acid Organic acids
and derivatives 176.055 1.788 C6H9NO5 Down

L-Aspartic acid Organic acids
and derivatives 134.045 1.313 C4H7NO4 Down

Asparagine Organic acids
and derivatives 133.061 1.378 C4H8N2O3 Down

L-Argininosuccinate Organic acids
and derivatives 289.115 1.336 C10H18N4O6 Down

Adenylosuccinic acid
Nucleosides,

nucleotides, and
analogues

462.068 4.797 C14H18N5O11P Down

L-Glutamic acid Organic acids
and derivatives 148.060 1.312 C5H9NO4 Down

γ- Aminobutyric
acid (GABA)

Organic acids
and derivatives 102.056 1.373 C4H9NO2 Down
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Table 2. Cont.

Metabolic Pathways Metabolites Superclass m/z RT 1 (min) Formula Trend

L-Glutamine Organic acids
and derivatives 147.076 1.378 C5H10N2O3 Down

Arginine
biosynthesis

Ornithine Organic acids
and derivatives 133.097 1.139 C5H12N2O2 Up

N-Acetylglutamic acid Organic acids
and derivatives 190.071 2.249 C7H11NO5 Down

Arginine and
proline metabolism

Creatine Organic acids
and derivatives 132.077 1.363 C4H9N3O2 Down

S-Adenosylmethionine
Nucleosides,

nucleotides, and
analogues

399.144 1.375 C15H22N6O5S Down

Spermidine Organic nitrogen
compounds 146.165 1.005 C7H19N3 Down

Spermine Organic nitrogen
compounds 203.223 1.239 C10H26N4 Down

D-Proline Organic acids
and derivatives 116.070 1.567 C5H9NO2 Down

4-Guanidinobutanoic
acid

Organic acids
and derivatives 146.092 1.599 C5H11N3O2 Down

Purine
metabolism

Guanosine
5′-diphosphate (GDP)

Nucleosides,
nucleotides, and

analogues
442.018 1.953 C10H15N5O11P2 Down

Xanthine Organoheterocyclic
compounds 151.027 2.172 C5H4N4O2 Up

Adenosine 3′5′-cyclic
monophosphate

Nucleosides,
nucleotides, and

analogues
330.059 3.432 C10H12N5O6P Down

Adenosine
diphosphate (ADP)

Nucleosides,
nucleotides, and

analogues
426.022 2.168 C10H15N5O10P2 Down

Adenosine 5′-
monophosphate (AMP)

Nucleosides,
nucleotides, and

analogues
346.056 1.596 C10H14N5O7P Down

Inosine-5′-
monophosphate (IMP)

Nucleosides,
nucleotides, and

analogues
347.040 1.623 C10H13N4O8P Down

Deoxyinosine
Nucleosides,

nucleotides, and
analogues

253.092 3.674 C10H12N4O4 Up

Guanosine
monophosphate (GMP)

Organoheterocyclic
compounds 362.051 1.572 C10H14N5O8P Down

Inosine
Nucleosides,

nucleotides, and
analogues

267.074 3.082 C10H12N4O5 Down

Guanine Organoheterocyclic
compounds 152.057 4.753 C5H5N5O Up

Deoxyguanosine
Nucleosides,

nucleotides, and
analogues

266.090 3.665 C10H13N5O4 Up

Guanosine
Nucleosides,

nucleotides, and
analogues

282.085 3.048 C10H13N5O5 Up

Adenine Organoheterocyclic
compounds 136.062 2.729 C5H5N5 Down
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Table 2. Cont.

Metabolic Pathways Metabolites Superclass m/z RT 1 (min) Formula Trend

Pyrimidine
metabolism

Uridine diphosphate
(UDP)

Nucleosides,
nucleotides, and

analogues
405.009 1.537 C9H14N2O12P2 Down

Uridine monophosphate
(UMP)

Nucleosides,
nucleotides, and

analogues
325.043 2 C9H13N2O9P Up

Uridine
Nucleosides,

nucleotides, and
analogues

243.062 2.171 C9H12N2O6 Down

Cytidine-5′-diphosphate
(CDP)

Nucleosides,
nucleotides, and

analogues
402.011 1.639 C9H15N3O11P2 Down

Cytidine-5′-
monophosphate

(CMP)

Nucleosides,
nucleotides, and

analogues
322.045 1.653 C9H14N3O8P Up

Cytidine
Nucleosides,

nucleotides, and
analogues

242.080 1.369 C9H13N3O5 Down

dCDP
Nucleosides,

nucleotides, and
analogues

386.017 1.731 C9H15N3O10P2 Down

dCMP
Nucleosides,

nucleotides, and
analogues

308.063 1.386 C9H14N3O7P Down

Uracil Organoheterocyclic
compounds 111.020 1.764 C4H4N2O2 Up

Nicotinate and
nicotinamide
metabolism

Nicotinamide adenine
dinucleotide (NAD)

Nucleosides,
nucleotides, and

analogues
662.102 1.917 C21H27N7O14P2 Down

Nicotinamide Organoheterocyclic
compounds 123.055 1.587 C6H6N2O Down

1-Methylnicotinamide Organoheterocyclic
compounds 137.070 1.556 C7H8N2O Down

Nicotinamide adenine
dinucleotide phosphate

(NADP)

Nucleosides,
nucleotides, and

analogues
742.069 1.988 C21H28N7O17 P3 Down

1 RT: retention time; 2 TCA cycle: tricarboxylic acid cycle.

Pharmaceuticals 2022, 15, x FOR PEER REVIEW  13  of  21 
 

 

Uracil  Organoheterocyclic compounds  111.020  1.764  C4H4N2O2  Up 

Nicotinate and 

nicotinamide 

metabolism 

Nicotinamide adenine di‐

nucleotide (NAD) 

Nucleosides, nucleotides, and 

analogues 
662.102  1.917  C21H27N7O14P2 Down 

Nicotinamide  Organoheterocyclic compounds  123.055  1.587  C6H6N2O  Down 

1‐Methylnicotinamide  Organoheterocyclic compounds  137.070  1.556  C7H8N2O  Down 

Nicotinamide adenine di‐

nucleotide phosphate 

(NADP) 

Nucleosides, nucleotides, and 

analogues 
742.069  1.988 

C21H28N7O17 

P3 
Down 

1 RT: retention time; 2TCA cycle: tricarboxylic acid cycle. 

2.8. Perturbed Metabolic Pathways Caused by Resveratrol and TPP‐Resveratrol Exposure 

A comprehensive metabolic network analysis was performed using MetabolAnalyst 

5.0,  revealing  the most  relevant pathways affected by  resveratrol and TPP‐resveratrol. 

Compared with the control group, alanine, aspartate and glutamate metabolism, purine 

metabolism, arginine biosynthesis, pyrimidine metabolism, arginine and proline metabo‐

lism, and nicotinate and nicotinamide metabolism were the significantly altered pathways 

in the TPP‐resveratrol group (Figure 9A). In the resveratrol group, the impact value was 

low, even though the most significantly altered pathway was the pentose phosphate path‐

way (Figure 9B). Information regarding the relevant metabolites in these pathways and 

the tricarboxylic acid cycle (TCA cycle) is shown in Table 2. 

 

Figure 9. Summary of pathway analysis using MetaboAnalyst 5.0.  (A) TPP‐resveratrol  treatment 

group. (B) Resveratrol treatment group. 

3. Discussion 

Previous studies have shown that resveratrol has an anti‐cancer effect against breast 

cancer [25,26]. Our study formulated a mitochondria‐targeted TPP‐resveratrol conjugate 

and studied its efficacy on 4T1 and MDA‐MB‐231 cell lines. We showed that the conjugate 

could enhance the anti‐cancer effect of resveratrol. In cytotoxicity assays, TPP‐resveratrol 

reduced the IC50 of human MDA‐MB‐231 cells by nearly three‐fold. The IC50 of murine 4T1 

cells was  also  significantly  reduced  by  the TPP‐resveratrol  formulation. These  results 

Figure 9. Summary of pathway analysis using MetaboAnalyst 5.0. (A) TPP-resveratrol treatment
group. (B) Resveratrol treatment group.



Pharmaceuticals 2022, 15, 1271 13 of 19

3. Discussion

Previous studies have shown that resveratrol has an anti-cancer effect against breast
cancer [25,26]. Our study formulated a mitochondria-targeted TPP-resveratrol conjugate
and studied its efficacy on 4T1 and MDA-MB-231 cell lines. We showed that the conjugate
could enhance the anti-cancer effect of resveratrol. In cytotoxicity assays, TPP-resveratrol
reduced the IC50 of human MDA-MB-231 cells by nearly three-fold. The IC50 of murine
4T1 cells was also significantly reduced by the TPP-resveratrol formulation. These results
suggest that the therapeutic effects of TPP-resveratrol at lower doses are comparable to
those of resveratrol at higher levels.

Mitochondria, the sites for producing adenosine triphosphate (ATP), play impor-
tant roles in regulating important signal transduction and metabolic processes associated
with calcium homeostasis, reduction–oxidation (redox) potentials, and steroid hormone
biosynthesis [27]. The mitochondrial dysfunction induced by growth factor changes, DNA
damage, calcium overload, and cytoskeleton alterations would disrupt the mitochondrial
homeostasis and induce type I programmed cell death (mitochondria-mediated apopto-
sis) [28–30]. Our results showed a high apoptotic rate by flow cytometry in these two cell
lines after treatment with resveratrol or TPP-resveratrol. We also evaluated mitochondrial
functioning via changes in the mitochondrial membrane potential. The results were consis-
tent with those of apoptosis analysis. Moreover, we observed significant morphological
changes in mitochondria after treatment with TPP-resveratrol. Therefore, TPP-resveratrol
exhibited mitochondrial targeting and higher anti-cancer activity. Previous studies showed
that resveratrol could arrest MDA-MB-231 cells in the G1 phase. These results are consistent
with our data and indicate that the same signaling pathways were regulated [31,32].

Resveratrol has the ability to alter membrane lipids [33]. It has been reported that resveratrol-
mediated lipidomic alterations can significantly affect glycerophospholipid metabolism [34].
Luciana Gomes found that phosphatidylcholine (PC) and phosphatidylethanolamine (PE)
were decreased in MDA-MB-231 cells after resveratrol treatment [35]. Our study observed
an increasing tendency in glycerophospholipids, including lysophosphatidylcholine (LPC)
and lysophosphatidylethanolamine (LPE), as shown in Table 1. In apoptotic cells, the
progressive degradation of PC is likely to result in LPC generation [36]. Interestingly, TPP-
resveratrol exerted a greater impact on MDA-MB-231 cells’ metabolism than resveratrol,
which had fundamentally different metabolic phenotypes. TPP, as a lipophilic cation, has
been widely used in mitochondrial-targeting cancer therapeutics [37,38]. A recent study
reported that resveratrol-encapsulated TPP liposomes enhanced the anti-cancer efficacy
and mitochondrial depolarization in B16F10 cells [39]. However, the actual effect of TPP-
resveratrol on the metabolism of breast cancer cells is still unclear. Cell metabolomics based
on LC-MS/MS were used to investigate the metabolic mechanism of MDA-MB-231 cells
after resveratrol or TPP-resveratrol treatment. The results indicated that TPP-resveratrol-
induced apoptosis perturbed the amino acid and base metabolic networks the most.

In addition to providing substrates for the tricarboxylic acid (TCA) cycle, amino acids
contribute to a broad array of processes essential for cell proliferation [40]. In the TPP-
resveratrol treatment group, alterations in 7 metabolites involved in arginine biosynthesis
and 10 metabolites involved in arginine and proline metabolism were observed. Accord-
ing to Table 2, the contents of the majority of metabolites in these pathways decreased,
except for ornithine, which showed the opposite trend compared with the control group.
Ornithine is a non-essential amino acid synthesized in the cytosol and transported into the
mitochondria to perform its biological function [41]. It is produced by the enzymatic action
of arginase on arginine and is a crucial substrate for proline synthesis [42]. It was revealed
that TPP-resveratrol treatment decreased ornithine utilization and blocked the synthesis of
arginine and proline. In terms of alanine, aspartate, and glutamate metabolism, the levels
of 11 metabolites were decreased in the TPP-resveratrol group (Table 2). The biosynthesis of
amino acids, such as aspartate and glutamate, is an important intermediate of the TCA cycle
in the mitochondria [43]. The conjugation of a TPP group to various small molecules can
facilitate mitochondrial targeting [44]. Our study also observed a significant perturbation
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of the TCA cycle in the TPP-resveratrol-treated cells. As shown in Table 2, the contents
of TCA cycle-related metabolites (succinic acid, cis-aconitic acid, fumaric acid, citric acid,
and malic acid) were decreased compared with those in the control group. Furthermore,
a downward trend was observed in nicotinate and nicotinamide metabolism, which are
also closely related to energy metabolism [45]. In this pathway, the levels of four metabo-
lites, nicotinamide adenine dinucleotide (NAD), nicotinamide, 1-Methylnicotinamide, and
nicotinamide adenine dinucleotide phosphate (NADP), decreased, as shown in Table 2,
revealing that energy metabolism was down-regulated after TPP-resveratrol exposure.

Purine and pyrimidine metabolism are critical metabolic pathways in cell develop-
ment, proliferation, and repair [46]. In this study, among the purine-related metabolites,
the levels of 10 metabolites (guanosine 5′-diphosphate, L-glutamine, adenosine 3′5′-cyclic
monophosphate, adenosine diphosphate, adenosine 5′-monophosphate, adenylosuccinate
acid, inosine-5′-monophosphate, guanosine monophosphate, inosine, and adenine) were
decreased while those of 5 metabolites (xanthine, deoxyinosine, guanine, deoxyguanosine,
and guanosine) were increased (Table 2). In pyrimidine metabolism, the up-regulated
metabolites included uridine monophosphate (UMP), cytidine-5′-monophosphate (CMP),
and uracil, and the down-regulated metabolites included uridine diphosphate (UDP),
L-glutamine, uridine, cytidine-5′-diphosphate (CDP), cytidine, dCDP, and dCMP. These
results suggest that TPP-resveratrol exposure disrupted the homeostasis of purine and
pyrimidine metabolism in breast cancer cells. The intermediate metabolites of these path-
ways are the crucial materials for the cell cycle, cell energy metabolism, and signal transduc-
tion [47–49]. Cancer cells with high proliferation and progression rates result in continuous
high demand for energy and nutrients [50]. Therefore, our results demonstrate that TPP-
resveratrol treatment might induce cell apoptosis by the down-regulation of amino acid
and energy metabolism and the dysfunction of purine and pyrimidine metabolism.

4. Materials and Methods
4.1. Materials

RPMI-1640 medium and fetal bovine serum (FBS) were purchased from Corning
(Shanghai, China). Penicillin–streptomycin was obtained from Gibco (Shanghai, China).
Dojindo Molecular Technologies (Shanghai, China) provided the Cellstain® Rhodamine 123
(Rh-123), Annexin V-FITC Apoptosis Detection, and PI/RNase Staining kits. Cell Counting
Kit-8 (CCK-8) was purchased from GlpBio (Shanghai, China). Breast cancer cell lines 4T1
and MDA-MB-231 were commercially purchased from ProCell Life Science & Technology
(CL-007) (Wuhan, Hubei, China) and the Peking Union Medical College Cell Culture Center
(1101HUM-PUMC000014) (Beijing, China), respectively.

4.2. Synthesis of TPP-Resveratrol

The synthesis of the TPP-resveratrol conjugate is shown in Scheme 1. Triphenylphos-
phine (2.623 g, 10 mL, 1.0 eq), 4-bromobutyric acid (1.670 g, 10 mmol, 1.0 eq), and 40 mL of
acetonitrile were added to a 100 mL round-bottomed flask. The reaction was then allowed
to continue for 48 h at 80 ◦C. Upon completion, the reaction mixture was filtered to obtain
a solid, which was washed with 40 mL × 3 filtrate and dried under a vacuum at room
temperature overnight to produce the desired compound, TPP-COOH (2.446 g, 70% yield).
1H NMR (300 MHz, DMSO) δ 12.50 (s, 1H), 7.79 (s, 6H), 7.67 (d, J = 1.9 Hz, 1H), 7.54 (d,
J = 8.7 Hz, 1H), 6.88 (d, J = 8.6 Hz, 1H), 6.40 (s, 1H), 6.18 (s, 1H), 5.58 (d, J = 7.7 Hz, 4H),
2.55 (s, 2H), 1.74 (s, 2H), and 1.24 (s, 2H).

To a 100 mL round-bottomed flask, TPP-COOH (0.856 g, 2 mmol, 1.0 eq), dicyclohexyl
carbodiimide (0.619 g, 3 mmol, 1.5 eq), and 10 mL of dimethyl sulfoxide (DMSO) were
added. Then, the reaction proceeded at room temperature for 2 h. The reaction liquid was
filtered to remove the solid, and resveratrol (0.6847 g, 3 mmol, 1.5 eq) was added to the
solution, followed by stirring at room temperature for 10 h. Upon completion, the reaction
mixture was poured into 100 mL of ultrapure water to form a precipitate, which was
filtered, washed with 40 mL of acetonitrile, and dried under a vacuum at room temperature
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overnight to produce the desired compound (0.9874 g, 77% yield). 1H NMR (300 MHz,
DMSO) δ 9.21 (s, 1H), 8.25 (d, J = 7.7 Hz, 1H), 7.92–7.89 (m, 2H), 7.84–7.77 (m, 10H), 7.41 (s,
1H), 7.38 (s, 1H), 6.90 (s, 1H), 6.84 (s, 1H), 6.77 (s, 1H), 6.74 (s, 1H), 6.38 (d, J = 2.0 Hz, 2H),
6.11 (s, 1H), 5.59 (d, J = 8.0 Hz, 4H), 2.55 (s, 2H), 1.74 (s, 2H), and 1.24 (s, 2H).
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4.3. Cytotoxicity

4T1 and MDA-MB-231 cells were cultured in RPMI-1640 medium containing 10% FBS
and 1% penicillin–streptomycin. Both cell lines were maintained in a 37 ◦C incubator with
5% CO2. Cell Counting Kit-8 was used to test the cytotoxicity. 4T1 cells (2 × 103 cells/well)
and MDA-MB-231 cells (8 × 103 cells/well) were seeded in 96-well plates overnight,
followed by the addition of 10 µL of different concentrations of resveratrol (1, 5, 10, 50, 100,
and 200 µM) and TPP-resveratrol (0.001, 0.01, 0.1, 1, 5, and 50 µM). After 48 h, 10 µL of
CCK-8 solution was added to each well. Subsequently, the plate was incubated at 37 ◦C for
4 h. Finally, the optical density was measured at 450 nm and 650 nm using a microplate
reader (VarioskanFlash-4.00.53, Thermo Scientific Inc., Shanghai, China).

4.4. Mitochondrial Membrane Potential Loss

A Cellstain® Rhodamine 123 (Rh-123) kit was used to study mitochondrial functioning
in the cells. 4T1 cells (1 × 106 cells/well) and MDA-MB-231 cells (1 × 106 cells/well)
were seeded in 6-well plates overnight. After resveratrol and TPP-resveratrol (both 50 µM)
treatment for 6 h at 37 ◦C, the cells were collected (>106 cells) and washed. The cells
were then resuspended in 1 mL of RPMI-1640 medium containing 20 µM of Rh-123 and
incubated at 37 ◦C for 30 min. The cells were washed with phosphate buffer (PBS) once and
analyzed by flow cytometry (NovoCyte 3000, Agilent; Software: Flowjo_V10, Novoexpress
1.5.0, Agilent, CA, USA).

4.5. Cell Apoptosis Induction

An Annexin V-FITC Apoptosis Detection Kit was used to examine the apoptotic
induction of resveratrol and TPP-resveratrol (both 50 µM) in 4T1 and MDA-MB-231 cells.
After 6 h of treatment, the cells collected by centrifugation (1000 rpm, 5 min) were washed
in pre-cooled PBS and then suspended in 1 × Annexin V Binding Solution to prepare a cell
suspension with a final concentration of 1 × 106 cells/mL. Later, 5 µL of Annexin V-FITC
conjugate was added to the cell suspension, followed by 5 µL of PI solution. The mixture
was incubated at room temperature for 15 min in the dark. Finally, 400 µL of 1 × Annexin
V Binding Solution was added, and the cells were detected by flow cytometry.

4.6. Cell Cycle Arrest

Cell cycle analysis was performed using a PI/RNase staining kit. The cells were
treated with resveratrol or TPP-resveratrol (both 50 µM). After 6 h of treatment, the cells
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(>106 cells/mL) were fixed with 70% ethanol at 4 ◦C for 2 h. Then, the cells were washed
with 1 mL of PBS and centrifuged at 1000 rpm for 3 min. The supernatant was removed and
0.5 mL of working solution was added to the cell pellet. The mixture was then incubated
for 30 min at 37 ◦C in the dark, followed by another 30 min at 4 ◦C. Finally, the cells were
filtered through a nylon mesh to remove cell clumps from the sample. The distribution of
cells in distinct cell cycle phases was determined by flow cytometry.

4.7. Transmission Electron Microscopy (TEM)

MDA-MB-231 cells were treated with resveratrol or TPP-resveratrol (both 50 µM) for
24 h and then collected in 2 mL micro-centrifuge tubes (>106 cells). After centrifugation at
3000 rpm for 10 min, the supernatant was discarded and a pre-cooled 2.5% glutaraldehyde
solution was slowly added. The samples were stored at 4 ◦C for 12 h. Then, the supernatant
was discarded and the samples were washed with PBS and fixed with a 1% osmic acid
solution for 1–2 h. Subsequently, the osmic acid waste solution was carefully removed. The
samples were washed with PBS and dehydrated with an ethanol solution with gradient
concentrations (including 30%, 50%, 70%, 80%, 90%, and 95%). Finally, the samples were
treated with 100% ethanol for 20 min. Next, the samples were treated with pure acetone
for 20 min, a mixed solution of embedding medium and acetone (V/V = 1/1) for 1 h,
a mixed solution of embedding medium and acetone (V/V = 3/1) for 3 h, and pure
embedding medium overnight. The embedded samples were obtained by heating the
infiltrated samples at 70 ◦C overnight. The samples were sectioned using a LEICA EM UC7
ultramicrotome to obtain 70–90 nm sections. The sliced samples were then stained with
lead citrate solution and 50% uranyl acetate-saturated ethanol for 10 min. After drying,
TEM images were captured using a HITACHI H-7650 electron microscope to observe the
mitochondrial morphology.

4.8. Intracellular Metabolite Extraction

The methanol–chloroform–water extraction method was used to extract intracellular
metabolites [51]. For intracellular samples, the cells were rapidly washed three times
with 10 mL of ice-cold PBS buffer. The cells were then trypsinized and centrifuged at
2000 rpm for 10 min at 4 ◦C. The supernatant was discarded, and 10 mL of PBS was
used to wash the cell mass. The cell suspension was centrifuged at 2000 rpm for 5 min
at 4 ◦C. The supernatant was discarded and the cell mass was bounced. Then, 450 uL of
ice-cold methanol/chloroform (2:1, v/v) was added and sonicated on ice for 30 min. After
that, 450 uL of ice-cold chloroform/water (1:1, v/v) was added, vortexed for 1 min, and
incubated on ice for 15 min. Finally, the mixture was centrifuged at 12,000 rpm for 20 min
at 4 ◦C. The supernatant was lyophilized and stored at −80 ◦C until it was analyzed.

4.9. UHPLC-MS Analysis

Metabolite profiling was carried out using a Vanquish UHPLC system (ThermoFisher,
Hannover, Germany) coupled with an Orbitrap Q Exactive TMHF-X mass spectrometer
(ThermoFisher, Hannover, Germany). All chromatographic separations were performed
using a Hypesil Gold Column (C18, 100 × 2.1 mm, 1.9 µm) with a flow rate of 0.2 mL/min.
The mobile phase for the positive polarity mode consisted of 0.1% formic acid in water (A)
and methanol (B). The negative polarity mode’s eluent A was 5 mM of ammonium acetate
buffer (pH 9.0) and eluent B was methanol. The solvent gradient program was as follows:
(i) 1.5 min with 2% B, (ii) 1.5 min with a linear gradient from 2% to 85% B, (iii) 7 min with
a linear gradient from 85% to 100% B, and (iv) 2 min with 2% B. Separated metabolites
were analyzed under both positive- and negative-ionization modes with a spray voltage of
3.5 kV, capillary temperature of 320 ◦C, sheath gas flow rate of 35 psi, aux gas flow rate of
10 L/min, S-lens RF level of 60, and aux gas heater temperature of 350 ◦C.
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4.10. Data Analysis and Metabolite Identification

Raw LC-MS/MS data were processed using a Compound Discoverer 3.1 (CD3.1,
ThermoFisher) for peak alignment, peak picking, and quantitation of each metabolite. The
main parameters were set as follows: retention time tolerance of 0.2 min, actual mass
tolerance of 5 ppm, signal intensity tolerance of 30%, signal–noise ratio of 3, and minimum
intensity of 100,000. After that, the peak intensities were normalized and the data were used
to predict the molecular formula based on additive ions, molecular ion peaks, and fragment
ions. Then, the peaks were matched with the mzCloud (https://www.mzcloud.org/,
accessed on 10 June 2022), mzVault, and MassList databases to obtain accurate qualitative
and quantitative results. A pooled quality control (QC) sample was prepared by mixing
aliquots of all samples to assess the performance of the LC-MS instrument. The coefficient
of variability (CV) was calculated, and compounds with CVs greater than 30% in the QC
samples were removed [52].

Metabolites were annotated using the online Kyoto Encyclopedia of Genes and
Genomes (KEGG), the Human Metabolome Database (HMDB), and the Lipid Metabo-
lites and Pathways Strategy (LIPID Maps). Multivariate analysis, including principal
components analysis (PCA) and orthogonal projection to latent structures–discriminant
analysis (OPLS-DA), was conducted by metaX. Seven-fold cross-validation was applied
to assess the performance of OPLS-DA. The fitness of model (R2) and predictive abil-
ity (Q2) values were calculated to monitor the models’ robustnesses. The values of the
two parameters being close to 1.0 indicated an acceptable model. Important metabolites
responsible for the class separation between the compared groups in the OPLS-DA scores
plot were identified by the variable importance in the projection (VIP) scores. Volcano
plots were used to filter metabolites of interest based on the fold changes (log2) and p-
values (−log10). Metabolic pathway analysis was carried out by using Metaboanalyst 5.0
(https://www.metaboanalyst.ca/, accessed on 1 July 2022).

5. Conclusions

In this study, a mitochondrial-targeted TPP-resveratrol was formulated. The results
showed that TPP-resveratrol could trigger morphological changes in mitochondria and
improve cytotoxicity by inducing apoptosis and mitochondrial membrane potential loss.
Moreover, TPP-resveratrol could induce cell apoptosis by downregulating amino acid and
energy metabolism, as well as by impairing purine and pyrimidine metabolism. Our results
suggest that TPP-resveratrol may be an effective agent for breast cancer treatment.
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