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Abstract: This study uses personalized chronic lymphoblastic leukemia (CLL) cybrid cells to test
various drugs/agents designed to improve mitochondrial function and cell longevity. Age-matched
control (NL) and CLL cybrids were created. The NL and CLL cybrids were treated with ibrutinib
(Ibr-10 µM), mitochondrial-targeted nutraceuticals such as alpha lipoic acid (ALA-1 mM), amla (Aml-
300 µg), melatonin (Mel-1 mM), resveratrol (Res-100 µM) alone, or a combination of ibrutinib with
nutraceuticals (Ibr + ALA, Ibr + Aml, Ibr + Mel, or Ibr + Res) for 48 h. MTT (3-(4,5-dimethylthiazolyl-
2)-2,5-diphenyltetrazoliumbromide), H2DCFDA(2′,7′ Dichlorodihydrofluorescein diacetate), and JC1
assays were used to measure the cellular metabolism, intracellular ROS levels, and mitochondrial
membrane potential (∆ψm), respectively. The expression levels of genes associated with antioxidant
enzymes (SOD2, GPX3, and NOX4), apoptosis (BAX and CASP3), and inflammation (IL6, IL-1β,
TNFα, and TGFβ) were measured using quantitative real-time PCR (qRT-PCR). CLL cybrids treated
with Ibr + ALA, Ibr + Aml, Ibr + Mel, and Ibr + Res had (a) reduced cell survivability, (b) increased
ROS production, (c) increased ∆ψm levels, (d) decreased antioxidant gene expression levels, and
(e) increased apoptotic and inflammatory genes in CLL cybrids when compared with ibrutinib-
alone-treated CLL cybrids. Our findings show that the addition of nutraceuticals makes the CLL
cybrids more pro-apoptotic with decreased cell survival compared with CLL cybrids exposed to
ibrutinib alone.

Keywords: chronic lymphoblastic leukemia; cybrid; mitochondria; nutraceutical; ibrutinib

1. Introduction

Chronic lymphocytic leukemia (CLL) is the most common adult leukemia in the
western world, accounting for approximately 25% of adult leukemia. The incidence of
CLL in the US is 4.5 cases per 100,000 people, and the median age at the diagnosis is
71 years. The incidence of CLL is higher in individuals with family history, of Caucasian
ethnicity, and with Agent Orange exposure [1,2]. First-line therapy typically consists of
nucleoside analogues (fludarabine) and alkylating agents (cyclophosphamide, chlorambu-
cil, and bendamustine) in combination with monoclonal antibodies directed against CD20
(rituximab) [3]. Targeted agents, including tyrosine kinase inhibitors, such as ibrutinib
(BTK-Bruton’s tyrosine kinase inhibitor) and idelalisib (PI3Kδ-phosphoinositide-3-kinase in-
hibitor), along with small molecules such as venetoclax (B-cell lymphoma 2 gene inhibitor),
are currently available in the relapse setting [4].

Cancer is characterized by altered cellular metabolism, which is increasingly being
targeted for therapeutic intervention [4]. Cell death, cell differentiation, innate immunity,
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hypoxia sensing, calcium metabolism, amino acid and iron sulfur cluster metabolism,
and heme biosynthesis all rely on mitochondria [5]. CLL cells have extremely active
mitochondria that consume high levels of oxygen leading to elevated electron transport
chain activities and ATP production through the oxidative phosphorylation (OXPHOS)
pathway rather than aerobic glycolysis [6,7]. The CLL mitochondria have increased mass,
membrane potential, and DNA copy numbers indicating higher numbers of mitochondria
per cell than normal [8].

Respiratory insufficiency is the origin of cancer according to Warburg’s theory. All
other phenotypes of the disease, including the somatic mutations, arise either directly or
indirectly from insufficient respiration [9–11]. The theories of C.D. Darlington and others,
which demonstrate that cancer is primarily a mitochondrial disease of the cytoplasm, were
consistent with Warburg’s metabolic theory [12–14].

Excessive fatigue and other common side effects of chemotherapy treatments can
result from mitochondrial dysfunction, the key organelle responsible for cellular energy
production. As a result, the efficiency of OXPHOS is reduced, as is the production of
adenosine-5’-triphosphate (ATP). Several components of OXPHOS require routine replace-
ment, which can be aided by mitochondria-targeted nutraceuticals [15]. These include
vitamins, minerals, antioxidants, metabolites, enzyme inhibitors and cofactors, mitochon-
drial transporters, herbs, membrane phospholipids (i.e., alpha lipoic acid (ALA)), amla,
melatonin, and resveratrol [15,16].

Transmitochondrial cybrids (cell lines with identical nuclei but mitochondria from
different individuals) are one approach to elucidating the functional consequences of pos-
sessing mtDNA from healthy subjects versus subjects with diseases [17,18]. Furthermore,
the cybrid model is excellent to characterize the molecular and biological responses of an
individual’s mitochondria to specific exogenous treatment regimens [14].

In this study, we used CLL patient-derived cybrids to determine whether mitochon-
drial dysfunction contributed to ibrutinib resistance and whether ibrutinib combined with
a mitochondria-targeting nutraceutical could mitigate this chemoresistance.

2. Results
2.1. Sequencing of mtDNA from Patient-Derived Cybrid from Chronic Lymphoblastic
Leukemia (CLL)

The entire mtDNA from the CLL cybrid was sequenced using Sanger sequencing.
The CLL cybrid was sequenced to identify the SNPs that defined the individual’s mtDNA
haplogroup. The CLL cybrid demonstrated homoplasmic SNPs that represented the N1b1b1
haplogroup (Supplementary Table S1). In this haplogroup profile, there were nine non-
synonymous SNPs, which led to the following amino acid changes: m.4735C>A, Thr:Asn89;
m.4917A>G, Asn:Asp150; m.4960C>T, Ala:Val164; m.8472C>T, Pro:Leu36; m.8836A>G,
Met:Val104; m.11928A>G, Asn:Ser390; m.12705C>A, Ile:Met123; m.14766C>T, Thr:Ala194;
and m.15326A>G, Thr:Ala194.

The unique SNPs were not listed in www.hmtvar.uniba.it (accessed on 12 October
2022) or other platforms. Table S1 shows the SNPs in the CLL cybrid. There were two
private SNPS (those that do not define the haplogroup) in the mtDNA regions of the
CLL cybrid: m.2866A>T (no rs#, MT-RNR2) and m.13635T>C (no rs#, MT-ND5). The
Sanger sequencing methodology allowed the identification of heteroplasmic SNPs in the
CLL cybrid. The mtDNA in CLL cybrid contained six heteroplasmy SNPs, which are
listed as follows: m.1598G>A (rs3135027, MT-RNR1); m.1703C>T (rs28527344, MT-RNR2);
m.1719G>A (rs3928305, MT-RNR2); m8836A>G (no rs#, MT-ATP6); m.11928A>G (no rs#,
MT-ND4); and m.16390G>A (rs4137895, MT-DLOOP).

Association with Pathogenesis: The m.73A>G, m.152T>C, m.16223C>T, and m.16390G>A
SNPs located in the MT-DLOOP region and the m.14766 C>T and m.15326 A>G in MT-CYB
region have been reported in other cancer types, mitochondrial disease, and normal tension
glaucoma (NTG) [19–23].

www.hmtvar.uniba.it
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2.2. CLL Patient-Derived Cybrid with Dysfunctional Mitochondria Exhibits Resistance to
Ibrutinib Treatment

The mitochondria, an essential intracellular signaling core, are emerging as key de-
terminants of a wide range of features central to cancer’s initiation, development, and
progression, including metabolic reprogramming, metastasis, and chemotherapeutic resis-
tance [24]. First, we assessed if mitochondrial dysfunction was linked to the development
of resistance to ibrutinib treatment in this CLL patient. To test this hypothesis, we created
patient-derived cybrid cell lines using platelets collected from an age-matched control (NL)
individual and a CLL patient who was not responding to ibrutinib treatment. As shown
in Figure 1a, treatment with ibrutinib decreased the survival of the NL cybrid in a dose-
dependent manner, as expected. While the CLL cybrid cells were significantly resistant
to ibrutinib treatment compared with the NL cybrid at the 1.5 µM concentration. This
finding indicated that mitochondrial dysfunction diminished the response to the ibrutinib
treatment by increasing resistance in the CLL patient.
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Figure 1. Effect of individual ibrutinib (Ibr) and (Ibr) in-combination treatment with mitochondria-
targeted nutraceuticals, i.e., alpha lipoic acid (ALA), amla (Aml), melatonin (Mel), and resveratrol
(Res) {Ibr + ALA; Ibr + Aml; Ibr + Mel; Ibr + Res} on the survival of the cybrid derived from age-
matched control (NL) and chronic lymphoblastic leukemia (CLL) patient. (a) The effect of ibrutinib
treatment on the survival of NL and CLL cybrids using the MTT assay. (b) MTT assay of the effects of
Ibr + ALA, Ibr + Aml, Ibr + Mel, and Ibr + Res treatments on the survival of CLL cybrids. One-way
ANOVA was used to analyze the data shown as mean SD. ns denotes non-significant, * denotes
p-value 0.05; ** 0.01; *** 0.001; **** 0.0001.

Next we asked whether individual treatment with mitochondria-targeting nutraceuti-
cals such as alpha lipoic acid (ALA) [25], amla [26,27], melatonin [28], and resveratrol [29] or
treatment in combination with ibrutinib could overcome the resistance in the CLL patient-
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derived cybrid. In the absence of ibrutinib, we determined the optimal concentratTion of
each nutraceutical in NL and CLL patient-derived cybrids required to promote cell viability,
and the concentrations of ALA (1 mM), amla (300 µg), melatonin (1 mM), and resveratrol
(100 µM) were chosen (Supplementary Figure S1). Then, in the CLL cybrid, we tested
the combination treatment of ibrutinib with the optimal concentration of mitochondrial-
targeting nutraceuticals. As shown in Figure 1b, when compared with ibrutinib treatment
alone, ibrutinib combination treatment with ALA, amla, melatonin, and resveratrol reduced
the mean survival rate in the CLL cybrid by 15% (p < 0.0001), 5% (p = 0.095), 8% (p = 0.008),
and 12% (p < 0.0001), respectively. The addition of ALA and resveratrol enhanced the
response to ibrutinib in CLL cybrids (lower percent survival) compared with the response
found in co-cultures of melatonin plus ibrutinib. Amla had no significant effect on the ibru-
tinib response in the CLL cybrid. Our findings suggest that these mitochondria-targeted
nutraceuticals lowered the survivability of the CLL cybrids exposed to ibrutinib. We then
tested the hypothesis that combining the ibrutinib with the nutraceuticals may promote the
levels of ROS production and apoptosis.

2.3. Mitochondria-Targeted Nutraceutical and Ibrutinib Treatment Together Increases Total ROS
Production in a CLL Patient-Derived Cybrid

ROS production has been linked to chemotherapy responses via its effects on cell sur-
vival or death signaling cascades [30–32]. This has led to speculation that ROS modulators
could be used to prevent cancer or improve therapeutic responses [33]. Next, we wanted
to see if combining a mitochondria-targeting nutraceutical (ALA, amla, melatonin, and
resveratrol) in combination with ibrutinib treatment raised the level of ROS production
more than ibrutinib treatment alone. As shown in Figure 2a, treatment with ibrutinib
(10 µM) for 48 h increased the mean difference levels of ROS production in the NL cybrid
by 16% (p = 0.003) but had no effect on ROS levels in the CLL cybrid (Figure 2e). In the NL
cybrid cells, treatment with ALA, amla, melatonin, and resveratrol alone did not affect the
ROS levels (Figure 2a–d). In the NL cybrids, when the ibrutinib treatment was combined
with ALA (1 mM), amla (300 µg), melatonin (1 mM), and resveratrol (100 µM), there was
no change in the mean difference of ROS levels in Ibr + ALA (+7.5%, p = 0.256; Figure 2a),
Ibr + amla (−4%, p = 0.817; Figure 2b), Ibt + Mel (+0.25%, p = 0.999; Figure 2c), and Ibr +
Res (+0.5%, p = 0.999; Figure 2d), respectively, compared with the vehicle control-treated
cells. However, in the NL cybrid compared with ibrutinib alone, there was a signifi-
cant decrease in ROS levels when ibrutinib was combined with amla (Ibr + Amla, −29%,
p < 0.0001), melatonin (Ibr + Mel, −19%, p = 0.001), and resveratrol (Ibr + Resv, −16%,
p = 0.005) (Figure 2b–d).

In the CLL cybrids, there were increased levels of ROS by 21% (Ibr + ALA, p = 0.0007;
Figure 2e), 7% (Ibr + Amla, p = 0.067; Figure 2f), 27% (Ibr + Mel, p < 0.0001; Figure 2g),
and 21% (Ibr + Resv, p = 0.0002; Figure 2h) compared with the vehicle control. In the CLL
cybrids, when ibrutinib was combined with ALA (+22%, p = 0.0005; Figure 2e), melatonin
(+35%, p < 0.0001; Figure 2g), or resveratrol (+21%, p = 0.0002; Figure 2h), there were
significantly higher levels of ROS compared with ibrutinib-alone-treated CLL cybrids.

These findings support that in CLL cybrids, the combined treatments of ibrutinib plus
ALA, melatonin, or resveratrol have increased ROS production, which may sensitize the
CLL cybrids to lower cell survival compared with ibrutinib treatment alone.

2.4. Mitochondrial Membrane Potential (∆Ψm) Increases with Mitochondria Targeted
Nutraceutical and Ibrutinib Combination Treatment in a CLL Patient-Derived Cybrid

Next, we wanted to evaluate whether combining mitochondria-targeting nutraceu-
ticals (ALA, amla, melatonin, and resveratrol) with ibrutinib raises or lowered the levels
of mitochondrial membrane potential (∆Ψm) more than ibrutinib alone. Ibrutinib (10 µM)
treatment for 48 h reduced the mean difference of mitochondrial membrane potential
(∆Ψm) levels in both the NL cybrid (50%, p < 0.0001; Figure 3a–d) and the CLL cybrid
(57%, p < 0.0001; Figure 3e–h) compared with the vehicle control. Compared with the
vehicle-alone treatment, the ibrutinib treatment in combination with ALA, amla, mela-
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tonin, and resveratrol in the NL cybrid reduced the mean difference of ∆Ψm levels by 49%
(Ibr + ALA, p < 0.0001), 55% (Ibr + Amla, p < 0.0001), 48% (Ibr + Mel, p < 0.0001), and 73%
(Irb + Resv, p < 0.0001) (Figure 3a–d).
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Figure 2. Effect of ibrutinib (Ibr), alpha lipoic acid (ALA), amla (Aml), melatonin (Mel), resveratrol
(Res), and in-combination treatment with mitochondrial-targeted nutraceuticals, i.e., {Ibr + ALA;
Ibr + Aml; Ibr + Mel; Ibr + Res}, on the reactive oxygen species (ROS) levels produced by age-
matched control (NL) and chronic lymphoblastic leukemia (CLL) cybrids. Using H2DCFDA (2,7-
dichlorodihydrofluorescin diacetate) assay: (a) ROS measured on the treatment with ibrutinib Ibr
alone, ALA alone, and Ibr + ALA on the NL cybrid. (b) ROS measured on the treatment with Ibr
alone, Aml alone, and Ibr + Aml on the NL cybrid. Data are shown as percent ROS of vehicle control.
(c) ROS measured on the treatment with Ibr alone, Mel alone, and Ibr + Mel on the NL cybrid. (d) ROS
measured on the treatment with Ibr alone, Res alone, and Ibr + Res on the NL cybrid. Data are
shown as percent ROS of vehicle control. (e) ROS measured on the treatment with Ibr alone, ALA
alone, and Ibr + ALA on the CLL cybrid. (f) ROS measured on the treatment with ibrutinib (Ibr),
amla (Aml), and Ibr + Aml on the CLL cybrid. Data are shown as percent ROS of vehicle control.
(g) ROS measured on the treatment with Ibr alone, Mel alone, and Ibr + Mel on the CLL cybrid.
Data are shown as percent ROS of vehicle control. (h) ROS measured on the treatment with Ibr
alone, Res alone, and Ibr + Res on the CLL cybrid. Data are shown as percent ROS of vehicle control.
Data shown as mean ± SD were analyzed by one-way ANOVA test. ns represents non-significant
* indicates p-value ≤ 0.05; ** < 0.01; *** < 0.001; **** < 0.0001.
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Figure 3. Effect of ibrutinib (Ibr), alpha lipoic acid (ALA), amla (Aml), melatonin (Mel), resveratrol
(Res), and in-combination treatment with mitochondria-targeted nutraceuticals, i.e., {Ibr + ALA;
Ibr + Aml; Ibr + Mel; Ibr + Res}, on the mitochondrial membrane potential (∆Ψm) cybrid derived
from age-matched control (NL) and chronic lymphoblastic leukemia (CLL) cybrids. Using JC1 assay:
(a) ∆Ψm measured on the treatment with ibrutinib (Ibr), alpha lipoic acid (ALA), and Ibr + ALA
on the NL cybrid. Data are shown as percent ∆Ψm of vehicle control. (b) ∆Ψm measured on the
treatment with Ibr alone), Aml alone, and Ibr + Aml on the NL cybrid. Data are shown as percent
∆Ψm of vehicle control. (c) ∆Ψm measured on the treatment with Ibr alone, Mel alone, and Ibr +
Mel on the NL cybrid. Data are shown as percent ∆Ψm of vehicle control. (d) ∆Ψm measured on
the treatment with Ibr alone, Res alone, and Ibr + Res on the NL cybrid. Data are shown as percent
∆Ψm of vehicle control. (e) ∆Ψm measured on the treatment with Ibr alone, ALA alone, and Ibr +
ALA on the CLL cybrid. Data are shown as percent ∆Ψm of vehicle control. (f) ∆Ψm measured on
the treatment with Ibr alone, Aml alone, and Ibr + Aml on the CLL cybrid. Data are shown as percent
∆Ψm of vehicle control. (g) ∆Ψm measured on the treatment with Ibr alone, Mel alone, and Ibr + Mel
on the CLL cybrid. Data are shown as percent ∆Ψm of vehicle control. (h) ∆Ψm measured on the
treatment with Ibr alone, Res alone, and Ibr + Res on the CLL cybrid. Data are shown as percent
∆Ψm of vehicle control. Data shown as mean ± SD were analyzed by one-way ANOVA test. ns
represents non-significant * indicates p-value ≤ 0.05; ** < 0.01; *** < 0.001; **** < 0.0001.

In the NL cybrids, when compared with the ibrutinib-alone treatment, the ibrutinib
treatment plus supplement did not change the mean difference of the ∆Ψm levels in ALA
(Ibr + ALA, p = 0.994; Figure 3a), amla (Ibr + Aml, 7.7%, p = 0.112; Figure 3b), or melatonin
(Ibr + Mel, 2.5%, p = 0.912; Figure 3c). However, when combined with resveratrol (Ibr
+ Resv), the ∆Ψm level was reduced by 32% (p < 0.0001; Figure 3d) compared with the
ibrutinib-alone treatment.
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In CLL cybrids the ibrutinib treatment alone decreased ∆Ψm levels by 57%
(p < 0.0001; Figure 3e–h) compared with the vehicle-treated CLL cybrids. In the CLL
cybrids treated with ibrutinib plus ALA, amla, melatonin, and resveratrol, there were re-
duced mean difference levels of ∆Ψm compared with the vehicle control by 7% (Ibr + ALA,
p = 0.034), 55% (Ibr + Amla, p < 0.0001), 24% (Ibr + Mel, p = 0.0001), and 27% (Irb + Resv,
p = 0.0001), respectively. Interestingly, when ibrutinib was combined with ALA (+49%,
p < 0.0001; Figure 3e), melatonin (+28%, p < 0.0001; Figure 3g), or resveratrol (+32%,
p < 0.0001: Figure 3h), there were significantly higher levels of ∆Ψm in CLL cybrids com-
pared with ibrutinib-alone-treated CLL cybrids. These findings implied that ibrutinib alone
reduced ∆Ψm levels in CLL cybrids more than the in-combination treatment.

2.5. Effect of Ibrutinib on the Expression of Antioxidant, Apoptotic, and Inflammatory Genes in the
Patient-Derived CLL and NL Cybrids

Antioxidant gene expression: As shown in Figure 4, when cybrids were treated with
ibrutinib (10 µM), there was a significant decrease in the relative fold change of SOD2
(0.4-fold change, p < 0.01), GPX3 (0.7-fold change, p < 0.0001), and NOX4 (0.4-fold change,
p < 0.0001) in the NL cybrid. In contrast, in the CLL cybrids, treatment with ibrutinib
alone caused a significant increase in the relative fold change of SOD2 (1.7-fold change,
p < 0.01), GPX3 (1.8-fold change, p < 0.0001), and NOX4 (0.9-fold change, p < 0.0001)
expression. These results suggest that the resistance phenomena that developed against
ibrutinib treatment in the CLL cybrid may also have been due to the increased expression
of antioxidant, which might have diminished the production of ROS as shown in Figure 2e.
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Figure 4. Heat map representation of treatment with ibrutinib (Ibr) on the mRNA expression of genes
related to antioxidant, apoptotic, and inflammation using quantitative real-time polymerase chain
reaction (qPCR) in the cybrid derived from age-matched control (NL) and chronic lymphoblastic
leukemia (CLL) cybrids. Data are shown in the form of relative fold change with respect to house-
keeping gene HPRT1 with respect to vehicle control and were analyzed by one-way ANOVA test. ns
represents non-significant, p-value ** < 0.01; *** < 0.001; **** < 0.0001.
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Apoptotic gene expression: Next, we wanted to investigate the effect of ibrutinib
on the expression of genes related to apoptosis in the CLL and NL cybrids. Treatment
with ibrutinib (10 µM) resulted in a significant increase in the relative fold change of
BAX (fold change = 1.7, p < 0.0001) and CASP3 (fold change = 2.2, p < 0.001) in the NL
cybrid (Figure 4). In contrast, ibrutinib treatment of the CLL cybrid caused a significant
decrease in the relative fold change of BAX (fold change =−0.4, p < 0.0001) and CASP3 (fold
change = −0.5, p < 0.01) expression (Figure 4).

Inflammatory gene expression: Treatment of NL cybrids with ibrutinib resulted in
a significant increase in the mean fold change of IL-6 (1.3-fold change, p < 0.01) but no
change in the expression of IL1β, while there was a significant decrease in the mean fold
change of TNFα (0.6-fold change, p < 0.001) and TGFβ (0.7-fold change, p < 0.01). In contrast,
ibrutinib treatment of the CLL cybrid caused a significant decrease in the mean-difference
fold change of IL1β (p < 0.0001), whereas it had no significant effect on the expression of
other inflammatory genes (Figure 4).

2.6. Effect of Mitochondrial Targeted Nutraceuticals on the Expression of Antioxidant, Apoptotic,
and Inflammatory Genes in the Patient-Derived CLL and NL Cybrids

Antioxidant gene expression: The expression of SOD2 and GPX3 increased with ALA
(1.9-fold change, p < 0.0001; 1.7-fold change, p < 0.0001), amla (3.1-fold change, p < 0.001;
2.6-fold change, p < 0.0001), melatonin (1.8-fold change, p < 0.0001; 1.2-fold change,
p < 0.001), and resveratrol (3-fold change, p < 0.0001; 2.6-fold change, p < 0.0001) treatment,
while decreasing the expression of NOX4 by less than a one-fold change in all treatments
in the NL cybrids compared with the vehicle-treated sample (Figure 5). Interestingly, the
expression levels of SOD2, GPX3, and NOX4 were either unaffected or slightly reduced in
the CLL cybrid in response to the treatment with ALA (0.8-fold change, ns; 0.9-fold change,
ns; 0.7-fold change, p < 0.0001), amla (1-fold change, ns; 1.5-fold change, p < 0.0001; 1.4-fold
change, p < 0.0001), melatonin (1.1-fold change, ns; 0.8-fold change, p < 0.001; 1.2-fold
change, p < 0.0001), and resveratrol (1.3-fold change, p < 0.01; 1.5-fold change, p < 0.01;
0.4-fold change, p < 0.0001), while there was a slight increase or decrease in the expres-
sion of NOX4 in the CLL cybrid in response to the treatment with ALA (0.7-fold change,
p < 0.0001), amla (1.4-fold change, p < 0.0001), melatonin (1.2-fold change, p < 0.0001), and
resveratrol (0.4-fold change, p < 0.0001).

Apoptotic gene expression: We observed in NL cybrids that supplement-alone treat-
ment with ALA (0.8-fold change, p < 0.0001), amla (0.9-fold change, p < 0.0001), and
resveratrol (0.9-fold change, p < 0.0001) significantly reduced BAX expression (p < 0.0001)
but there is no change in the expression of BAX in response to melatonin treatment
(Figure 5). All of the supplements reduced CASP3 expression levels; ALA (0.8-fold change,
p < 0.05), amla (0.6-fold change, p < 0.0001), melatonin (0.6-fold change, p < 0.0001), and
resveratrol (0.8-fold change, p < 0.0001) compared with the vehicle-treated samples (Figure 5).
Interestingly, in the CLL cybrid, the expression of BAX was unaffected by treatment with
ALA and amla (Figure 5). The BAX levels decreased in response to melatonin (0.9-fold
change, p < 0.0001) but increased with resveratrol (1.1-fold change, p < 0.0001) in CLL
cybrids compared with the vehicle-treated cells. The CASP3 expression was reduced after
treatment with ALA (0.9-fold change, p < 0.05) and melatonin (0.8-fold change, p < 0.0001).

Inflammatory gene expression: Next, we observed that supplement-alone treatment
increased the expression levels of IL6 with ALA (1.3-fold change, p < 0.05) and amla (1.2-
fold change, p < 0.0001) in the NL cybrids, while there were decreased expression levels of
IL6 with melatonin (0.8-fold change, p < 0.0001) but no significant change with resveratrol
treatment in the NL cybrid (Figure 5). Similarly, in the CLL cybrids, there was a significant
increase in the expression of IL6 in response to the treatment with ALA (1.6-fold change,
p < 0.0001), amla (2.1-fold change, p < 0.0001), melatonin (1.2-fold change, p < 0.001), and
resveratrol (2.1-fold change, p < 0.0001) (Figure 5).
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Figure 5. Heat map representation of treatment with alpha lipoic acid (ALA), amla (Aml), melatonin
(Mel), and resveratrol (Res) on the mRNA expression of genes related to antioxidant, apoptotic,
and inflammation using quantitative real-time polymerase chain reaction (qPCR) in the cybrid
derived from age-matched control (NL) and chronic lymphoblastic leukemia (CLL) cybrids. Data are
shown in the form of relative fold change with respect to housekeeping gene HPRT1 with respect to
vehicle control and were analyzed by one-way ANOVA test. ns represents non-significant * indicates
p-value ≤ 0.05; ** < 0.01; *** < 0.001; **** < 0.0001.

Interestingly, there were increases and decreases in the expression levels of IL1β in both
the NL and CLL cybrids. The significant expression levels of IL1β increased in response
to ALA (3.5-fold change, p < 0.0001) and melatonin (1.2-fold change, p < 0.0001) in the NL
cybrid, while treatment with amla (0.7-fold change, p < 0.0001) and resveratrol (0.4-fold
change, p < 0.0001) significantly decreased the expression levels of IL1β in the NL cybrid
(Figure 5). Similarly, in the CLL cybrid the ALA (3.2-fold change, p < 0.0001) significantly
increased the expression levels of IL1β, whereas the other treatments significantly reduced
the levels: amla (0.3-fold change, p < 0.0001), melatonin (0.8-fold change, p < 0.0001), and
resveratrol (0.5-fold change, p < 0.0001) (Figure 5).

In the NL cybrids, we observed that supplement-alone treatment with ALA (0.6-fold
change, p < 0.0001) and melatonin (0.9-fold change, p < 0.05) had significant decreases in
the expression levels of TNFα, whereas there were significant increases in the expression
levels of TNFα levels in response to treatment with amla (2.9-fold change, p < 0.0001) and
resveratrol (2.3-fold change, p < 0.0001). In the CLL cybrids in response to melatonin
(0.7-fold change, p < 0.0001), there were significant decreases in the expression levels of the
TNFα levels. In contrast, in response to ALA (4.7-fold change, p < 0.0001), amla (6.1-fold
change, p < 0.0001), and resveratrol (1.7-fold change, p < 0.0001), there were increased
expression levels of TNFα (Figure 5).

Next, we found significant increases of TGFβ levels in response to amla (2.1-fold
change, p < 0.0001) in the NL cybrid and (three-fold change, p < 0.0001) and in the CLL
cybrid (Figure 5). In contrast, in response to ALA, the NL cybrids showed decreased levels
by 0.7-fold change (p < 0.0001), and the CLL cybrid had a 0.5-fold change (p < 0.0001) in
the expression levels of TGFβ. NL cybrids showed decreased levels of TGFβ in response
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to melatonin (0.9-fold change, p < 0.0001) and resveratrol (0.8-fold change, p < 0.0001). In
contrast, the CLL cybrids showed a significant increase in TGFβ in response to melatonin
(1.2-fold change, p < 0.0001) and resveratrol (1.1-fold change, p < 0.0001) (Figure 5).

2.7. Effect of in-Combination Treatment of Ibrutinib with Mitochondrial Targeted Nutraceuticals on
the Expression of Antioxidant, Apoptotic, and Inflammatory Genes in the Patient-Derived CLL and
NL Cybrids

Antioxidant gene expression: Next, we wanted to investigate the effect of combining
mitochondria-targeting nutraceuticals (ALA, amla, melatonin, and resveratrol) with ibruti-
nib on the expression of genes related to antioxidants (Figure 6). In the NL cybrid, Ibr +
Amla (Ibr + Amla, 0.4-fold change, p < 0.001) and Ibr + Resv (Ibr + Resv, 0.7-fold change,
p < 0.05) significantly decreased the expression of SOD2, while there was no significant
change in the expression levels of SOD2 in response to Ibr + ALA (Ibr + ALA) and Ibr +
Mel (Ibr + Mel). The CLL cybrid also had lower expression of SOD2 after exposure to the
combinations Ibr + ALA (0.2-fold change, p < 0.001), Ibr + Amla (0.9-fold change, p < 0.001),
and Ibr + Mel (0.7-fold change, p < 0.05). There was no significant change in the expression
of SOD2 in response to treatment to Ibr + Resv (1.2-fold change, ns).
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Figure 6. Heat map representation of treatment with alpha lipoic acid (ALA), amla (Aml), melatonin
(Mel), and resveratrol (Res) on the mRNA expression of genes related to antioxidant, apoptotic,
and inflammation using quantitative real-time polymerase chain reaction (qPCR) in the cybrid
derived from age-matched control (NL) and chronic lymphoblastic leukemia (CLL) cybrids. Data are
shown in the form of relative fold change with respect to housekeeping gene HPRT1 with respect to
vehicle control and were analyzed by one-way ANOVA test. ns represents not significant * indicates
p-value ≤ 0.05; ** < 0.01; *** < 0.001; **** < 0.0001.



Int. J. Mol. Sci. 2023, 24, 11025 11 of 19

In the NL cybrid cells, Ibr + Amla (0.7-fold change, p < 0.0001) and Ibr + Mel (0.6-fold
change, p < 0.0001) significantly decreased the expression of GPX3, while the Ibr + ALA
(1.1-fold change, p < 0.01) treatment significantly increased the expression of GPX3 levels.
There was no change in the GPX3 levels after the Ibr + Resv treatment (Figure 6). In the
CLL cybrid, there were reduced GPX3 levels in response to Ibr + ALA (0.4-fold change,
p < 0.0001), Ibr + Mel (0.2-fold change, p < 0.001), and Ibr + Resv (0.3-fold change, p < 0.001).
There was no significant GPX3 change in response to Ibr + Amla treatment (Figure 6).

In NL cybrid cells, treatment with Ibr + ALA (0.7-fold change, p < 0.0001), Ibr +
Amla (0.9-fold change, p < 0.0001), and Ibr + Mel (0.8-fold change, p < 0.0001) significantly
decreased the expression of NOX4, while in response to Ibr + Resv treatment, there was no
significant change in the expression of NOX4 (Figure 6). Interestingly, in the CLL cybrid in
response to Ibr + ALA (0.7-fold change, p < 0.0001), Ibr + Amla (0.9-fold change, p < 0.001),
Ibr + Mel (0.3-fold change, p < 0.0001), and Ibr + Resv (0.4-fold change, p < 0.0001), there
were decreased NOX4 expression levels (Figure 6).

Apoptotic gene expression: As shown in Figure 6, in the NL cybrids, the expression
of BAX and CASP3 increased in response to ibrutinib plus each of the supplements. BAX
levels were as follows: Ibr + ALA (1.3-fold change, p < 0.0001), Ibr + Amla (1.5-fold
change, p < 0.0001), Ibr + Mel (1.8-fold change, p < 0.0001), and Ibr + Resv (1.4-fold change,
p < 0.0001). CASP3 levels were as follows: Ibr + ALA (1.8-fold change, p < 0.01), Ibr + Amla
(1.7-fold change, p < 0.0001), Ibr + Mel (1.4-fold change, p < 0.0001), and Ibr + Resv (1.1-fold
change, p < 0.01) in the NL cybrid (Figure 6).

Interestingly, in the CLL cybrid, treatment with Ibr + ALA (two-fold change, p < 0.0001),
Ibr + Mel (2.4-fold change, p < 0.0001), and Ibr + Resv (3.4-fold change, p < 0.001) signifi-
cantly increased BAX expression, whereas there was no change in response to Ibr + Amla
treatment (Figure 6) Similarly, Ibr + ALA (two-fold change, p < 0.01), Ibr + Mel (3.5-fold
change, p < 0.0001), and Ibr + Resv (4.1-fold change, p < 0.01) significantly increased the
CASP3 expression, but there was no significant change in the expression of CASP3 in
response to Ibr + Amla.

Inflammatory gene expression: Next, we observed in NL cybrids, in response to Ibr +
Mel (1.6-fold change, p < 0.0001), and Ibr + Resv (1.2-fold change, p < 0.0001), there were
significantly increased expression levels of IL6. There was no change in the expression levels
of IL6 with resveratrol treatment (Figure 6). In the CLL cybrids, there was significantly
increased expression of IL6 in response to the Ibr + ALA (2.6-fold change, p < 0.0001), Ibr +
Amla (4.4-fold change, p < 0.0001), and Ibr + Mel (2.8-fold change, p < 0.0001). In contrast,
Ibr + Resv (0.8-fold change, p < 0.001) significantly decreased the expression of the CLL
cybrid (Figure 6).

Interestingly, the expression levels of IL1β were significantly decreased in response to
Ibr + ALA (0.4-fold change, p < 0.0001) in the NL cybrid, while in response to Ibr + Amla,
Ibr + Mel, and Ibr + Resv, there were no changes in the expression levels of IL1β in the NL
cybrid (Figure 6). In contrast, the CLL cybrid showed significantly increased expression
levels of IL1β in response to Ibr + Amla (two-fold change, p < 0.0001), Ibr + Mel (3.9-fold
change, p < 0.0001), and Ibr + Resv (1.4-fold change, p < 0.0001). There was no significant
change in the expression of IL1β in response to Ibr + ALA in the CLL cybrid (Figure 6).

We observed that in-combination treatment of Ibr + ALA (two-fold change, p < 0.0001),
Ibr + Amla (2.1-fold change, p < 0.0001), and Ibr + Mel (1.8-fold change, p < 0.0001) showed
significant increases in the expression levels of TNFα, whereas no significant change was
seen in response to Ibr + Resv in the NL cybrids (Figure 6). In the CLL cybrid cells, there
were significant increases of TNFα expression levels in response to Ibr + ALA (2.9-fold
change, p < 0.0001), Ibr + Amla (2.4-fold change, p < 0.0001), Ibr + Mel (2.8-fold change,
p < 0.0001), and resveratrol (two-fold change, p < 0.0001) (Figure 6).

In the NL cybrids, we found significant increases in the expression of TGFβ in response
to Ibr + Amla (1.7-fold change, p < 0.0001), Ibr + Mel (1.3-fold change, p < 0.0001), and Ibr
+ Resv (1.4-fold change, p < 0.0001), whereas no significant change was seen in response
to Ibr + ALA treatment in the NL cybrid (Figure 6). Similar significant increases in TGFβ
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expression were observed in the CLL cybrid (Figure 6) in response to Ibr + Amla (1.1-fold
change, p < 0.0001), Ibr + Mel (1.4-fold change, p < 0.0001), and Ibr + Resv (1.6-fold change,
p < 0.0001.

3. Discussion

In this study, we generated cybrid cell lines from a CLL patient and an age-matched
control subject. Using these transmitochondrial cybrids, we demonstrated that cells con-
taining the CLL mitochondria were more resistant to ibrutinib treatment than cells with
age-matched control mitochondria. However, as shown in Figure 3, ibrutinib in com-
bination with ALA, melatonin, and resveratrol (mitochondria-targeted nutraceuticals)
significantly sensitized the cells to the ibrutinib, making the percent survival lower than the
ibrutinib-alone-treated cells. Moreover, the combination of ALA, melatonin, and resveratrol
with ibrutinib increased cellular ROS production, mitochondrial membrane potential, and
expression of apoptotic genes and decreased the expression of antioxidant genes in the CLL
cybrids but not in the NL cybrids (Figure 7).

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 12 of 19 
 

 

3. Discussion 

In this study, we generated cybrid cell lines from a CLL patient and an age-matched 

control subject. Using these transmitochondrial cybrids, we demonstrated that cells con-

taining the CLL mitochondria were more resistant to ibrutinib treatment than cells with 

age-matched control mitochondria. However, as shown in Figure 3, ibrutinib in combina-

tion with ALA, melatonin, and resveratrol (mitochondria-targeted nutraceuticals) signif-

icantly sensitized the cells to the ibrutinib, making the percent survival lower than the 

ibrutinib-alone-treated cells. Moreover, the combination of ALA, melatonin, and resvera-

trol with ibrutinib increased cellular ROS production, mitochondrial membrane potential, 

and expression of apoptotic genes and decreased the expression of antioxidant genes in 

the CLL cybrids but not in the NL cybrids (Figure 7). 

 

Figure 7. Schematic illustration of change in the level of survival, reactive oxygen species (ROS), 

mitochondrial membrane potential, gene expression related to antioxidant, apoptotic, and inflam-

mation in the NL and CLL cybrids. All the comparisons are measured with respect to the vehicle 

control of the respective cybrid. 

Our study showed that the mtDNA from the CLL patient’s cybrid was defined as the 

N haplogroup, which is an ancestral line that descended directly from haplogroup L3. 

Early members of this group lived in the eastern Mediterranean and western Asia [34]. 

Mutations in the D-loop region have been reported in human neurodegenerative and 

Figure 7. Schematic illustration of change in the level of survival, reactive oxygen species (ROS), mi-
tochondrial membrane potential, gene expression related to antioxidant, apoptotic, and inflammation
in the NL and CLL cybrids. All the comparisons are measured with respect to the vehicle control of
the respective cybrid.



Int. J. Mol. Sci. 2023, 24, 11025 13 of 19

Our study showed that the mtDNA from the CLL patient’s cybrid was defined as the
N haplogroup, which is an ancestral line that descended directly from haplogroup L3. Early
members of this group lived in the eastern Mediterranean and western Asia [34]. Mutations
in the D-loop region have been reported in human neurodegenerative and ophthalmologic
disorders, cardiovascular diseases, and cancers including leukemic. Some researchers
identified associations between SNPs m.15784T>C, m.16185C>T, and m.16399A>G SNPs
located in the mtDNA D-loop region that have been reported in breast cancer [35,36].
The m.73A>G, m.152T>C, m.189A>G, m.16223C>T, and m.16390G>A SNPs located in
the mtDNA D-loop region have been reported in breast cancer [35,36]. The present study
identified two private SNPS in the CLL cybrid’s mtDNA regions: m.2866A>T (no rs#, RNR2)
and m.13635T>C (no rs#, MT-ND5), which were not linked to any known pathogenesis.

A review of the literature shows that pathways involved with the mitochondria are
inextricably linked to chemoresistance, which is a survival strategy employed by cancer
cells in response to apoptotic stimulation [37]. Cancer cells rely heavily on mitochon-
dria for a variety of functions, including metabolism, calcium signaling, mitochondrial
dynamics regulation, and resistance to oxidative stress [37]. Mitochondrial plasticity is
involved in many stages of tumor development, including chemoresistance. In fact, recent
research suggests that chemoresistant ovarian cancer cells gain an advantage over their
non-resistant counterparts when their mitochondria undergo a bioenergetic switch to ox-
idative metabolism at the same time [38]. Our findings that CLL mitochondria are resistant
to ibrutinib treatment while the NL cybrids are sensitive are in line with these studies.

While it is not always clear what causes oxidative stress in cancer patients, it has
been recognized that excessive levels of ROS can be produced by tumor cells and cells that
interact with tumors. Compared with normal B cells, CLL cells have higher mitochondrial
respiration rates, consistent with elevated levels of mitochondria-derived ROS. This, in
turn, can cause increased oxidative stress, which can make CLL cells resistant to chemother-
apy [39]. Interestingly, in NL cybrid cells, the ibrutinib treatment in combination with ALA,
amla, melatonin, and resveratrol did not significantly change the mean difference levels of
ROS production compared with the vehicle-treated cells (Figure 7) and led to lower levels
of ROS when compared with ibrutinib treatment alone. In contrast the same treatment
in the CLL cybrid significantly increased the mean difference levels of ROS by 21% (Ibr
+ ALA), 35% (Ibr + Mel), and 21% (Ibr + Res), compared with the ibrutinib-alone-treated
CLL cells. One can speculate that the CLL cybrid combination treatment produces more
ROS than the ibrutinib treatment alone, which may sensitize the CLL cybrid to accelerated
cell death.

Diminished mitochondrial membrane potential (∆Ψm) is a hallmark of mitochondrial
dysfunction [40]. It has been observed that cancer cells have a more negative net transmem-
brane potential (∆Ψm) compared with normal cells, which may be caused by alterations in
mitochondrial bioenergetics [41]. Our findings show that combining Ibr + ALA, melatonin,
and resveratrol improves the mitochondrial health, as evidenced by higher ∆Ψm levels
compared with the CLL cells treated with ibrutinib alone. This was surprising because
lower ∆Ψm levels are often associated with elevated apoptosis, but our gene expression
studies showed that the CLL cybrid treated with the combination of ibrutinib plus ALA,
melatonin, and resveratrol had two-fold or greater levels of BAX and CASP3, which are
pro-apoptosis genes. As a result of higher mitochondria membrane potential, there may be
improved oxidative phosphorylation, which would lead to significantly increased levels of
ROS production. This may result in CLL cybrid sensitization to ibrutinib in combination
with ALA, melatonin, and resveratrol rather than individual ibrutinib treatment as seen in
Figure 3.

The hypersensitivity of normal cells to ROS makes them vulnerable to carcinogenic
effects if they are not properly protected by antioxidant mechanisms. In contrast, chemore-
sistant cancer cells have antioxidant mechanisms (glutathione, SOD, catalase, and others)
that are up-regulated, protecting them from ROS [42]. Our data imply that elevated ex-
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pression of SOD2 and GPX3, as seen in the CLL cybrids (Figure 6), may be reducing ROS
production and contributing to the CLL cybrid resistance to ibrutinib treatment.

Targeting BAX proteins and permeabilizing the mitochondrial outer membrane in-
duces apoptosis in chemotherapy. Pro-apoptogenic substances from the mitochondrial
intermembrane space are released into the cytosol by mitochondrial outer membrane per-
meabilization, activating a caspase cascade that kills the cancer cell [43,44]. Our results
raise the possibility that the decreased expression of apoptotic genes, BAX (0.4-fold) and
CASP3 (0.5-fold), contributes to CLL cybrids’ resistance to ibrutinib treatment by increasing
cell survival. Conversely, the expression of apoptotic genes was not as greatly affected
by treatment with mitochondria-specific nutraceuticals alone (range 0.8-fold to 1.1-fold
change). In contrast, ibrutinib treatment with ALA, melatonin, and resveratrol significantly
up-regulates the expression of BAX (range 2-fold to 3.4-fold) and CASP3 (2-fold to 3.9-fold)
in CLL cybrid cells.

Some of the negative effects of chemotherapy include an increase in pro-inflammatory
cytokines [45,46], which can contribute to cancer-related fatigue and pro-inflammatory cy-
tokines that play a pivotal role in chemotherapy-related side effects [47]. Many chemother-
apeutics, such as cisplatin, etoposide, ibrutinib, paclitaxel, topotecan, and vinblastine,
cause cell death by inducing DNA damage, which causes nuclear and mitochondrial DNA
leakage into the cytosol and activates cGAS-STING signaling, which is part of innate
immunity [48,49]. Our findings show that in-combination treatment up-regulates the pro-
inflammatory genes in CL cybrids to higher levels than seen in the NL age-matched control
cybrid cells. This would result in more inflammation and untoward side effects in the CLL
patients compared with what might be found in cells with normal mitochondria.

Our results show that using mitochondrial-targeted nutraceuticals with ibrutinib
increased cellular ROS production, mitochondrial membrane potential, and expression
of apoptotic genes and decreased the expression of antioxidant genes in CLL cybrids.
These results suggest that mitochondria are critical players in cancer cell survival because
they serve as the bioenergetic and biosynthetic hub that coordinates cellular respiration,
ETC, apoptosis, antioxidant signaling, and redox homeostasis. Cancer drug resistance,
as an adaptive strategy used by cancer cells to survive stress conditions, is inextricably
linked to mitochondrial-related pathways. Indeed, emerging evidence strongly suggests
that resistant tumor cells have high mitochondrial respiration and OXPHOS status. As
a result, targeting mitochondria represents a promising cancer treatment avenue and
chemoresistance-overcoming strategy.

4. Materials and Methods
4.1. Generation of Patient-Derived Cybrid

Transmitochondrial cybrids were created by fusing a mitochondrial DNA-deficient
ARPE-19 (Rho0) cell line with platelets isolated from either chronic lymphoblastic leukemia
(CLL) patients or age-matched control, normal (NL) subjects (Figure 8). Ten milliliters of
peripheral blood were collected in tubes containing 3.2% sodium citrate from age-matched
NL and CLL patients. To isolate platelets, blood was centrifuged, and final platelet pellets
were resuspended in Tris-buffered saline. ARPE-19 cells Rho0 cells (mitochondria DNA-
deficient) were created by passaging ARPE-19 cells in low doses (50 ng/mL) of ethidium
bromide several times and (0.025 g) uridine supplement in the media. The Rho0 cells were
fused with platelets via polyethylene glycol fusion, and the newly formed cybrids were
then cultured to passage 5 in media containing DMEM-F12, 10% dialyzed fetal bovine
serum, 100 unit/mL penicillin, 100 µg/mL streptomycin, 2.5 µg/mL fungizone, 50 µg/mL
gentamicin, and 17.5 mM glucose.
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4.2. Whole mtDNA Genome Sequencing of the CLL Cybrid

The sequencing method was a modified version of one used by Zaragoza et al. [50]. We
were able to quantify the SNPs that are homoplasmic, heteroplasmic, haplogroup defining,
private (non-haplogroup defining), and unique (those not listed in www.MitoMap.org)
across the entire mitochondrial genome of the CLL subject using this sequencing method.
The PCR for whole mtDNA genome sequencing was performed in two parts using a
high-fidelity PCR system (FailSafe TM PCR System, Lucigen, Madison, WI) and two
sets of primers. Part A used primers hmtL569 [AACCAAACCCCAAAGACAC] and
hmtH12111 [AAACCCGGTAATGAT-GTCGG], while Part B used primers hmtL11727
[GCCCACGGGCTTACATC] and hmtH1405 [ATCCACCTTCGACCCTTAAG] (Integrated
DNA Technologies, Inc., Coralville, IA). The PCR products were run on a 1% agarose gel,
and the unincorporated primers and dNTPs were eliminated enzymatically in a single step
(ExoSAP-IT, Thermo Fisher Scientific, Pittsburgh, PA, USA). Samples were sent to ELIM
BioPharm for sequencing using internal primers (ELIM Biopharm, Hayward, CA, USA).
The sequencing results were analyzed using DNA variant analysis software (Mutation
Surveyor, SoftGenetics, State College, PA, USA). The mtDNA sequences were compared
with the classification from www.hmtvar.uniba.it (accessed on 12 October 2022).

4.3. Identification of mtDNA Haplogroup in the CLL Cybrid

The DNA was extracted from cell pellets from the CLL patient-derived cybrids using
the PurelinkTM Genomic DNA Mini Kit (Invitrogen, Thermo Fisher Scientific, Carlsbad,
CA, USA), according to the manufacturer’s instructions. Mitochondrial DNA profiles were
determined through sequencing, as has been previously described [51]. In general, the

www.MitoMap.org
www.hmtvar.uniba.it
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mtDNA haplogroup profile for the cybrids was compared with the sequence of the blood
samples to verify the successful introduction of the mitochondria with the personalized
mtDNA into the cybrid cell line.

4.4. Cell Survival

NL and CLL cybrids were plated in a 96-well plate at a density of 10,000 cells per well
in 100 µL of culture media. After 24 h plating, the cells were treated for 48 h with ibrutinib,
ALA, amla, melatonin, and resveratrol at concentrations of 10 µM, 1 mM, 300 µg, 1 mM,
and 100 µM, respectively. After the completion of the treatment, the cell metabolism was
measured using the colorimetric MTT assay kit according to the manufacturer’s protocol
(MTT Cell Viability Assay Kit, Biotium, Fremont, CA, USA). A minimal of three replicates
were tested per sample. Each experiment was repeated three times.

4.5. Reactive Oxygen Species (ROS) Assay

The NL and CLL cybrids were plated in a 96-well plate at a density of 10,000 cells per
well in 100 µL of culture media. Twenty-four hours after plating, the cells were treated for
48 h with ibrutinib, ALA, amla, melatonin, resveratrol, and in combination at concentra-
tions of 10 µM, 1 mM, 300 µg, 1 mM, and 100 µM, respectively. Following the treatment
process, the cells were exposed to the fluorescent H2DCFDA (2,7-dichlorodihydrofluorescin
diacetate) (Invitrogen-Molecular Probes, Carlsbad, CA, USA) dye. The ROS levels were
measured using a fluorescence plate reader (Gemini XPS Microplate Reader, Molecular
Devices, Sunnyvale, CA, USA) at an excitation wavelength of 492 nm and emission wave-
length of 520 nm. A minimum of three replicates were tested per sample. Each experiment
was repeated three times.

4.6. JC-1 Mitochondrial Membrane Potential (∆Ψm) Assay

The NL and CLL cybrids were plated in a 96-well plate at a density of 10,000 cells per
well in 100 µL of culture media. After 24 h plating, the cells were treated for 48 h with
ibrutinib, ALA, amla, melatonin, resveratrol, and in combination at concentrations of 10 µM,
1 mM, 300 µg, 1 mM, and 100 µM, respectively. Following the treatment process, the cells
were exposed to 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanineiodide
(Biotium, Hayward, CA, USA) for 15 min. The mitochondrial membrane potential was
then measured with a fluorescence plate reader (Gemini XPS Microplate Reader, Molecular
Devices, Sunnyvale, CA, USA) by measuring the fluorescence for red (excitation 550 nm and
emission 600 nm) and green (excitation 485 nm and emission 545 nm). Intact mitochondria
with normal ∆Ψm appeared red, whereas impaired cells with diminished ∆Ψm were
green. The ratio of red/green was used for analysis. A lower ratio corresponded to higher
apoptotic/dead cell number. A minimum of three replicates were tested per sample. Each
experiment was repeated three times.

4.7. RNA Extraction, cDNA Synthesis, and qRT-PCR

Patient-derived NL and CLL cybrids were cultured and incubated for 24 h in six-
well plates. Twenty-four hours after plating, the cells were treated 48 h with ibrutinib,
ALA, amla, melatonin, resveratrol, and in combination at concentrations of 10 µM, 1 mM,
300 µg, 1 mM, and 100 µM, respectively. After the completion of 48 h of treatment, RNA
extraction was performed on both the NL and CLL cybrid cells using an RNA isolation kit
(Purelink TM RNA Kit, Ambion, Thermo Fisher Scientific, Waltham, MA, USA) as per the
manufacturer’s protocol. The RNA quantity and purity were measured on a Nanodrop
1000 spectrophotometer (Thermo Fisher Scientific). An OD 260/280 of 1.8–2.0 indicated
the purity of RNA devoid of protein contamination. Concentrations of 500 ng/µL RNA
were reverse transcribed into cDNA using a SuperScriptTM VILOTM IV cDNA Synthesis
Kit (Thermo Fisher Scientific). The mRNA levels of mitochondrial biogenesis genes were
determined by quantitative reverse transcription-PCR (qRT-PCR) using PowerUp SYBR
Green Master Mix (Thermo Fisher Scientific). Reactions were carried out in a final volume
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of 10 µL. KiCqStart® SYBR® green primers (Sigma, St. Louis, MO, USA) were used to
examine the expression of SOD2 (Ref ID# NM_000636), GPX3 (Ref ID# NM_002084), NOX4
(Ref ID# NM_001143836), BAX (Ref ID# NM_004324), CASP3 (Ref ID# NM_004346), IL6 (Ref
ID# NM_000600), IL-1β (Ref ID# NM_000576), TNF-α (Ref ID# NM_000594), and TGF-β (Ref
ID# NM_003238). The housekeeper gene was Hypoxanthine Phosphoribosyl Transferase 1
(HPRT1, Ref ID# NM_ NM_000194). Each PCR reaction was followed by continuous melt
curve analysis. No template controls (NTCs) were also included in each PCR run to assess
contamination. All samples were run in triplicate. Data analyses were performed after
normalization to the reference gene to calculate a fold change value using the ∆∆Ct method,
which was calculated by subtracting the difference between the threshold cycles (Cts) of the
target gene and the housekeeper gene (HPRT1 gene). The fold change was calculated using
the following formula: fold change = 2−∆∆Ct. A fold change value ≥ 1 was considered as
‘up-regulation’, whereas a fold change value < 1 was considered as ‘down-regulation’ of
the gene.

4.8. Statistical Analysis

GraphPad Prism 9 software was used to perform statistical analyses on all quantita-
tive data (GraphPad Software, Inc., San Diego, CA, USA). All of the analyses were com-
pared with the vehicle control group. Unless otherwise specified, comparisons between
experimental groups were made using one-way ANOVA followed by Sidak’s multiple
comparisons method.

5. Conclusions

To conclude, mitochondria from CLL patients are more likely to become resistant to
ibrutinib treatment than those from age-matched control patients while ibrutinib combined
with mitochondria-targeted nutraceuticals, especially ALA, melatonin, and resveratrol,
significantly sensitizes CLL cybrids by increasing the cellular reactive oxygen species (ROS)
production, mitochondrial membrane potential, and expression of apoptotic genes and
decreasing the expression of antioxidant genes.

Supplementary Materials: The supporting information can be downloaded at https://www.mdpi.
com/article/10.3390/ijms241311025/s1.

Author Contributions: Conceptualization, M.C.K. and L.S.; methodology, M.C.K., L.S., S.A. and
M.C.; software, L.S., S.A. and M.K.S.; validation, L.S., S.A., M.C. and M.K.S.; formal analysis, L.S.,
S.A. and M.K.S.; investigation, L.S., S.A., M.K.S. and M.C.; resources, M.C.K. and M.C.; data curation,
L.S., M.C.K., S.A. and M.K.S.; writing—original draft preparation, L.S., M.C.K. and M.K.S.; writing—
review and editing, M.C.K., L.S., S.A., M.O., A.N. and M.C.K.; visualization, M.C.K., L.S. and S.A.;
supervision, M.C.K.; project administration, M.C.K. and M.C.; funding acquisition, M.C.K. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Discovery Eye Foundation, Polly and Michael Smith,
Edith and Roy Carver, the Iris and B. Gerald Cantor Foundation, the Max Factor Family Foundation,
and NEI R01 EY027363 (MCK). This research was supported in part by an Unrestricted Departmental
Grant from Research to Prevent Blindness. We acknowledge the support of the Institute for Clinical
and Translational Science (ICTS) at the University of California, Irvine (ULI TR001414/TR/NCATS).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: In terms of various phases of this study including designing, perform-
ing, and revealing of the results, patients or the public were not involved.

Data Availability Statement: All data relevant to the study are included in the article.

Conflicts of Interest: All authors declare that they have no competing interest. The funders had no
role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of
the manuscript, or in the decision to publish the results.

https://www.mdpi.com/article/10.3390/ijms241311025/s1
https://www.mdpi.com/article/10.3390/ijms241311025/s1


Int. J. Mol. Sci. 2023, 24, 11025 18 of 19

References
1. Stauder, R.; Eichhorst, B.; Hamaker, M.E.; Kaplanov, K.; Morrison, V.A.; Österborg, A.; Poddubnaya, I.; Woyach, J.A.; Shanafelt, T.;

Smolej, L.; et al. Management of chronic lymphocytic leukemia (CLL) in the elderly: A position paper from an international
Society of Geriatric Oncology (SIOG) Task Force. Ann. Oncol. 2017, 28, 218–227. [CrossRef]

2. Bosch, F.; Dalla-Favera, R. Chronic lymphocytic leukaemia: From genetics to treatment. Nat. Rev. Clin. Oncol. 2019, 16, 684–701.
[CrossRef] [PubMed]

3. Stilgenbauer, S. Prognostic markers and standard management of chronic lymphocytic leukemia. Hematol. Am. Soc. Hematol.
Educ. Program 2015, 2015, 368–377. [CrossRef]

4. Roy Chowdhury, S.; Banerji, V. Targeting Mitochondrial Bioenergetics as a Therapeutic Strategy for Chronic Lymphocytic
Leukemia. Oxid. Med. Cell. Longev. 2018, 2018, 2426712. [CrossRef] [PubMed]

5. Ward, P.S.; Thompson, C.B. Metabolic reprogramming: A cancer hallmark even warburg did not anticipate. Cancer Cell 2012, 21,
297–308. [CrossRef] [PubMed]

6. Jia, L.; Gribben, J.G. Dangerous power: Mitochondria in CLL cells. Blood 2014, 123, 2596–2597. [CrossRef]
7. Jia, L.; Kelsey, S.M.; Grahn, M.F.; Jiang, X.R.; Newland, A.C. Increased activity and sensitivity of mitochondrial respiratory

enzymes to tumor necrosis factor alpha-mediated inhibition is associated with increased cytotoxicity in drug-resistant leukemic
cell lines. Blood 1996, 87, 2401–2410. [CrossRef]

8. Carew, J.S.; Nawrocki, S.T.; Xu, R.H.; Dunner, K.; McConkey, D.J.; Wierda, W.G.; Keating, M.J.; Huang, P. Increased mitochondrial
biogenesis in primary leukemia cells: The role of endogenous nitric oxide and impact on sensitivity to fludarabine. Leukemia 2004,
18, 1934–1940. [CrossRef]

9. Warburg, O. On respiratory impairment in cancer cells. Science 1956, 124, 269–270. [CrossRef]
10. Seyfried, T. Cancer as a Metabolic Disease: On the Origin, Management, and Prevention of Cancer; John Wiley & Sons: Hoboken, NJ,

USA, 2012.
11. Seyfried, T.N.; Flores, R.E.; Poff, A.M.; D’Agostino, D.P. Cancer as a metabolic disease: Implications for novel therapeutics.

Carcinogenesis 2014, 35, 515–527. [CrossRef]
12. Woods, M.W.; DuBuy, H. Cytoplasmic diseases and cancer. Science 1945, 102, 591–593. [CrossRef]
13. Darlington, C.D. The plasmagene theory of the origin of cancer. Br. J. Cancer 1948, 2, 118. [CrossRef]
14. Seyfried, T.N. Cancer as a mitochondrial metabolic disease. Front. Cell Dev. Biol. 2015, 3, 43. [CrossRef]
15. Nicolson, G.L. Mitochondrial Dysfunction and Chronic Disease: Treatment With Natural Supplements. Integr. Med. 2014, 13,

35–43.
16. Kerr, D.S. Treatment of mitochondrial electron transport chain disorders: A review of clinical trials over the past decade. Mol.

Genet. Metab. 2010, 99, 246–255. [CrossRef]
17. Patel, T.H.; Norman, L.; Chang, S.; Abedi, S.; Liu, C.; Chwa, M.; Atilano, S.R.; Thaker, K.; Lu, S.; Jazwinski, S.M.; et al. European

mtDNA Variants Are Associated With Differential Responses to Cisplatin, an Anticancer Drug: Implications for Drug Resistance
and Side Effects. Front. Oncol. 2019, 9, 640. [CrossRef]

18. Chang, S.; Singh, L.; Thaker, K.; Abedi, S.; Singh, M.K.; Patel, T.H.; Chwa, M.; Atilano, S.R.; Udar, N.; Bota, D.; et al. Altered
Retrograde Signaling Patterns in Breast Cancer Cells Cybrids with H and J Mitochondrial DNA Haplogroups. Int. J. Mol. Sci.
2022, 23, 6687. [CrossRef]

19. Guo, Z.; Zhao, S.; Fan, H.; Du, Y.; Zhao, Y.; Wang, G. Identification of sequence polymorphisms in the D-Loop region of
mitochondrial DNA as a risk factor for colon cancer. Mitochondrial DNA A DNA Mapp. Seq. Anal. 2016, 27, 4244–4245. [CrossRef]

20. Mondal, R.; Ghosh, S.K. Accumulation of mutations over the complete mitochondrial genome in tobacco-related oral cancer from
northeast India. Mitochondrial DNA 2013, 24, 432–439. [CrossRef]

21. Shu, H.Y.; Li, H.C.; Xie, W.Q.; Ni, B.; Zhou, H.Y. Mitochondrial DNA variations in tongue squamous cell carcinoma. Biomed Rep.
2019, 10, 23–28. [CrossRef]

22. Coxhead, J.; Kurzawa-Akanbi, M.; Hussain, R.; Pyle, A.; Chinnery, P.; Hudson, G. Somatic mtDNA variation is an important
component of Parkinson’s disease. Neurobiol. Aging 2016, 38, 217.e211–217.e216. [CrossRef] [PubMed]

23. Herrnstadt, C.; Elson, J.L.; Fahy, E.; Preston, G.; Turnbull, D.M.; Anderson, C.; Ghosh, S.S.; Olefsky, J.M.; Beal, M.F.; Davis,
R.E.; et al. Reduced-median-network analysis of complete mitochondrial DNA coding-region sequences for the major African,
Asian, and European haplogroups. Am. J. Hum. Genet. 2002, 70, 1152–1171. [CrossRef] [PubMed]

24. Bahar, E.; Han, S.Y.; Kim, J.Y.; Yoon, H. Chemotherapy Resistance: Role of Mitochondrial and Autophagic Components. Cancers
2022, 14, 1462. [CrossRef]

25. Dieter, F.; Esselun, C.; Eckert, G.P. Redox Active α-Lipoic Acid Differentially Improves Mitochondrial Dysfunction in a Cellular
Model of Alzheimer and Its Control Cells. Int. J. Mol. Sci. 2022, 23, 9186. [CrossRef] [PubMed]

26. Nashine, S.; Kanodia, R.; Nesburn, A.B.; Soman, G.; Kuppermann, B.D.; Kenney, M.C. Nutraceutical effects of Emblicaofficinalis
in age-related macular degeneration. Aging 2019, 11, 1177–1188. [CrossRef]

27. Yamamoto, H.; Morino, K.; Mengistu, L.; Ishibashi, T.; Kiriyama, K.; Ikami, T.; Maegawa, H. Amla Enhances Mitochondrial Spare
Respiratory Capacity by Increasing Mitochondrial Biogenesis and Antioxidant Systems in a Murine Skeletal Muscle Cell Line.
Oxid. Med. Cell. Longev. 2016, 2016, 1735841. [CrossRef]

28. Tan, D.X.; Manchester, L.C.; Qin, L.; Reiter, R.J. Melatonin: A Mitochondrial Targeting Molecule Involving Mitochondrial
Protection and Dynamics. Int. J. Mol. Sci. 2016, 17, 2124. [CrossRef]

https://doi.org/10.1093/annonc/mdw547
https://doi.org/10.1038/s41571-019-0239-8
https://www.ncbi.nlm.nih.gov/pubmed/31278397
https://doi.org/10.1182/asheducation-2015.1.368
https://doi.org/10.1155/2018/2426712
https://www.ncbi.nlm.nih.gov/pubmed/29682155
https://doi.org/10.1016/j.ccr.2012.02.014
https://www.ncbi.nlm.nih.gov/pubmed/22439925
https://doi.org/10.1182/blood-2014-03-558965
https://doi.org/10.1182/blood.V87.6.2401.bloodjournal8762401
https://doi.org/10.1038/sj.leu.2403545
https://doi.org/10.1126/science.124.3215.269
https://doi.org/10.1093/carcin/bgt480
https://doi.org/10.1126/science.102.2658.591
https://doi.org/10.1038/bjc.1948.17
https://doi.org/10.3389/fcell.2015.00043
https://doi.org/10.1016/j.ymgme.2009.11.005
https://doi.org/10.3389/fonc.2019.00640
https://doi.org/10.3390/ijms23126687
https://doi.org/10.3109/19401736.2014.1003920
https://doi.org/10.3109/19401736.2012.760551
https://doi.org/10.3892/br.2018.1167
https://doi.org/10.1016/j.neurobiolaging.2015.10.036
https://www.ncbi.nlm.nih.gov/pubmed/26639157
https://doi.org/10.1086/339933
https://www.ncbi.nlm.nih.gov/pubmed/11938495
https://doi.org/10.3390/cancers14061462
https://doi.org/10.3390/ijms23169186
https://www.ncbi.nlm.nih.gov/pubmed/36012451
https://doi.org/10.18632/aging.101820
https://doi.org/10.1155/2016/1735841
https://doi.org/10.3390/ijms17122124


Int. J. Mol. Sci. 2023, 24, 11025 19 of 19

29. Han, Y.; Jo, H.; Cho, J.H.; Dhanasekaran, D.N.; Song, Y.S. Resveratrol as a Tumor-Suppressive Nutraceutical Modulating Tumor
Microenvironment and Malignant Behaviors of Cancer. Int. J. Mol. Sci. 2019, 20, 925. [CrossRef]

30. Fan, P.C.; Zhang, Y.; Wang, Y.; Wei, W.; Zhou, Y.X.; Xie, Y.; Wang, X.; Qi, Y.Z.; Chang, L.; Jia, Z.P.; et al. Quantitative proteomics
reveals mitochondrial respiratory chain as a dominant target for carbon ion radiation: Delayed reactive oxygen species generation
caused DNA damage. Free. Radic. Biol. Med. 2019, 130, 436–445. [CrossRef]

31. Zulato, E.; Ciccarese, F.; Agnusdei, V.; Pinazza, M.; Nardo, G.; Iorio, E.; Curtarello, M.; Silic-Benussi, M.; Rossi, E.; Venturoli,
C.; et al. LKB1 loss is associated with glutathione deficiency under oxidative stress and sensitivity of cancer cells to cytotoxic
drugs and γ-irradiation. Biochem. Pharmacol. 2018, 156, 479–490. [CrossRef]

32. Ma, Y.; Chapman, J.; Levine, M.; Polireddy, K.; Drisko, J.; Chen, Q. High-dose parenteral ascorbate enhanced chemosensitivity of
ovarian cancer and reduced toxicity of chemotherapy. Sci. Transl. Med. 2014, 6, 222ra218. [CrossRef]

33. Srinivas, U.S.; Tan, B.W.Q.; Vellayappan, B.A.; Jeyasekharan, A.D. ROS and the DNA damage response in cancer. Redox Biol. 2019,
25, 101084. [CrossRef]

34. Wallace, D.C. Mitochondrial DNA variation in human radiation and disease. Cell 2015, 163, 33–38. [CrossRef]
35. Tommasi, S.; Favia, P.; Weigl, S.; Bianco, A.; Pilato, B.; Russo, L.; Paradiso, A.; Petruzzella, V. Mitochondrial DNA variants and

risk of familial breast cancer: An exploratory study. Int. J. Oncol. 2014, 44, 1691–1698. [CrossRef]
36. Rahmani, B.; Azimi, C.; Omranipour, R.; Raoofian, R.; Zendehdel, K.; Saee-Rad, S.; Heidari, M. Mutation screening in the

mitochondrial D-loop region of tumoral and non-tumoral breast cancer in Iranian patients. Acta Med. Iran. 2012, 50, 447–453.
37. Genovese, I.; Carinci, M.; Modesti, L.; Aguiari, G.; Pinton, P.; Giorgi, C. Mitochondria: Insights into Crucial Features to Overcome

Cancer Chemoresistance. Int. J. Mol. Sci. 2021, 22, 4770. [CrossRef] [PubMed]
38. Roushandeh, A.M.; Tomita, K.; Kuwahara, Y.; Jahanian-Najafabadi, A.; Igarashi, K.; Roudkenar, M.H.; Sato, T. Transfer of healthy

fibroblast-derived mitochondria to HeLa ρ(0) and SAS ρ(0) cells recovers the proliferation capabilities of these cancer cells
under conventional culture medium, but increase their sensitivity to cisplatin-induced apoptotic death. Mol. Biol. Rep. 2020, 47,
4401–4411. [CrossRef] [PubMed]

39. Jitschin, R.; Hofmann, A.D.; Bruns, H.; Giessl, A.; Bricks, J.; Berger, J.; Saul, D.; Eckart, M.J.; Mackensen, A.; Mougiakakos, D.
Mitochondrial metabolism contributes to oxidative stress and reveals therapeutic targets in chronic lymphocytic leukemia. Blood
2014, 123, 2663–2672. [CrossRef] [PubMed]

40. Liu, S.; Liu, S.; He, B.; Li, L.; Li, L.; Wang, J.; Cai, T.; Chen, S.; Jiang, H. OXPHOS deficiency activates global adaptation pathways
to maintain mitochondrial membrane potential. EMBO Rep. 2021, 22, e51606. [CrossRef]

41. Modica-Napolitano, J.S.; Aprille, J.R. Basis for the selective cytotoxicity of rhodamine 123. Cancer Res. 1987, 47, 4361–4365.
42. Reuter S, Gupta SC, Chaturvedi MM, Aggarwal BB: Oxidative stress, inflammation, and cancer: How are they linked? Free Radic.

Biol. Med. 2010, 49, 1603–1616. [CrossRef]
43. Tait, S.W.; Green, D.R. Mitochondria and cell death: Outer membrane permeabilization and beyond. Nat. Rev. Mol. Cell Biol. 2010,

11, 621–632. [CrossRef]
44. Renault, T.T.; Floros, K.V.; Chipuk, J.E. BAK/BAX activation and cytochrome c release assays using isolated mitochondria.

Methods 2013, 61, 146–155. [CrossRef]
45. Donovan, K.A.; Jacobsen, P.B.; Andrykowski, M.A.; Winters, E.M.; Balducci, L.; Malik, U.; Kenady, D.; McGrath, P. Course of

fatigue in women receiving chemotherapy and/or radiotherapy for early stage breast cancer. J. Pain Symptom Manag. 2004, 28,
373–380. [CrossRef]

46. Mills, P.J.; Parker, B.; Jones, V.; Adler, K.A.; Perez, C.J.; Johnson, S.; Cohen-Zion, M.; Marler, M.; Sadler, G.R.; Dimsdale, J.E.; et al.
The effects of standard anthracycline-based chemotherapy on soluble ICAM-1 and vascular endothelial growth factor levels in
breast cancer. Clin. Cancer Res. 2004, 10, 4998–5003. [CrossRef]

47. Renner, M.; Saligan, L.N. Understanding cancer-related fatigue: Advancing the science. Fatigue 2016, 4, 189–192. [CrossRef]
48. Tao, J.; Zhou, X.; Jiang, Z. cGAS-cGAMP-STING: The three musketeers of cytosolic DNA sensing and signaling. IUBMB Life 2016,

68, 858–870. [CrossRef]
49. Bosc, C.; Selak, M.A.; Sarry, J.E. Resistance is futile: Targeting mitochondrial energetics and metabolism to overcome drug

resistance in cancer treatment. Cell Metab. 2017, 26, 705–707. [CrossRef]
50. Zaragoza, M.V.; Brandon, M.C.; Diegoli, M.; Arbustini, E.; Wallace, D.C. Mitochondrial cardiomyopathies: How to identify

candidate pathogenic mutations by mitochondrial DNA sequencing, MITOMASTER and phylogeny. Eur. J. Hum. Genet. 2011, 19,
200–207. [CrossRef]

51. Udar, N.; Atilano, S.R.; Memarzadeh, M.; Boyer, D.S.; Chwa, M.; Lu, S.; Maguen, B.; Langberg, J.; Coskun, P.; Wallace, D.C.; et al.
Mitochondrial DNA haplogroups associated with age-related macular degeneration. Invest. Ophthalmol. Vis. Sci. 2009, 50,
2966–2974. [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/10.3390/ijms20040925
https://doi.org/10.1016/j.freeradbiomed.2018.10.449
https://doi.org/10.1016/j.bcp.2018.09.019
https://doi.org/10.1126/scitranslmed.3007154
https://doi.org/10.1016/j.redox.2018.101084
https://doi.org/10.1016/j.cell.2015.08.067
https://doi.org/10.3892/ijo.2014.2324
https://doi.org/10.3390/ijms22094770
https://www.ncbi.nlm.nih.gov/pubmed/33946271
https://doi.org/10.1007/s11033-020-05493-5
https://www.ncbi.nlm.nih.gov/pubmed/32394308
https://doi.org/10.1182/blood-2013-10-532200
https://www.ncbi.nlm.nih.gov/pubmed/24553174
https://doi.org/10.15252/embr.202051606
https://doi.org/10.1016/j.freeradbiomed.2010.09.006
https://doi.org/10.1038/nrm2952
https://doi.org/10.1016/j.ymeth.2013.03.030
https://doi.org/10.1016/j.jpainsymman.2004.01.012
https://doi.org/10.1158/1078-0432.CCR-0734-04
https://doi.org/10.1080/21641846.2016.1246513
https://doi.org/10.1002/iub.1566
https://doi.org/10.1016/j.cmet.2017.10.013
https://doi.org/10.1038/ejhg.2010.169
https://doi.org/10.1167/iovs.08-2646

	Introduction 
	Results 
	Sequencing of mtDNA from Patient-Derived Cybrid from Chronic Lymphoblastic Leukemia (CLL) 
	CLL Patient-Derived Cybrid with Dysfunctional Mitochondria Exhibits Resistance to Ibrutinib Treatment 
	Mitochondria-Targeted Nutraceutical and Ibrutinib Treatment Together Increases Total ROS Production in a CLL Patient-Derived Cybrid 
	Mitochondrial Membrane Potential (m) Increases with Mitochondria Targeted Nutraceutical and Ibrutinib Combination Treatment in a CLL Patient-Derived Cybrid 
	Effect of Ibrutinib on the Expression of Antioxidant, Apoptotic, and Inflammatory Genes in the Patient-Derived CLL and NL Cybrids 
	Effect of Mitochondrial Targeted Nutraceuticals on the Expression of Antioxidant, Apoptotic, and Inflammatory Genes in the Patient-Derived CLL and NL Cybrids 
	Effect of in-Combination Treatment of Ibrutinib with Mitochondrial Targeted Nutraceuticals on the Expression of Antioxidant, Apoptotic, and Inflammatory Genes in the Patient-Derived CLL and NL Cybrids 

	Discussion 
	Materials and Methods 
	Generation of Patient-Derived Cybrid 
	Whole mtDNA Genome Sequencing of the CLL Cybrid 
	Identification of mtDNA Haplogroup in the CLL Cybrid 
	Cell Survival 
	Reactive Oxygen Species (ROS) Assay 
	JC-1 Mitochondrial Membrane Potential (m) Assay 
	RNA Extraction, cDNA Synthesis, and qRT-PCR 
	Statistical Analysis 

	Conclusions 
	References



