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The preferential accumulation of anthracyclines in the mitochondrial matrix has been proposed to 
trigger a self-perpetuating vicious cycle with mitochondrial DNA (mtDNA) alteration and redox stress 
enhancing one each other to lead to a progressive mitochondrial impairment. To test this hypothesis, 
we monitored oxygen consumption rate (OCR) and mt-DNA copy number (mtDNA-CN) of peripheral 
blood mononuclear cells (PBMCs) harvested from 23 patients with Hodgkin lymphoma (HL) submitted 
to adriamycin-bleomycin-vinblastine-dacarbazine (ABVD) for the whole treatment, according to a 
Deauville score ≤ 3 after two cycles of chemotherapy at the interim PET/CT. PBMCs were isolated 
before treatment (baseline), at interim and one month after End of Therapy (EoT). Baseline data were 
compared with 23 healthy subjects selected according to a case-control criterion. OCR was estimated 
under control condition, after blockade of ATP-synthase, and of mitochondrial Complexes I and III. 
mtDNA-CN was assayed by droplet digital PCR and normalized against nuclear DNA. Mitochondrial 
DNA mutational status was assayed by next generation sequencing and alignment to reference 
genome after sequencing depth equalization. At diagnosis, mitochondrial OCR was lower in HL 
PBMCs than in controls, despite a preserved mitochondrial asset, testified by the mtDNA-CN. In the 
18 subjects with complete remission at EoT PET/CT, both variables decreased back to the baseline 
values. By contrast, in the 5 patients with persistent disease, both mitochondrial OCR and mtDNA-
CN remained elevated. ABVD therapy alters mitochondrial function and biogenesis of normal PBMCs 
whose metabolic pattern might represent a possible marker of treatment effectiveness. 
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mtDNA	� Mitochondrial DNA
mtDNA-CN	� Mitochondrial DNA copy number
OPA1	� Optic atrophy 1
PBMCs	� Peripheral blood mononuclear cells
PET/CT	� Positron emission tomography / computed tomography

Background
Chemotherapy with anthracyclines is associated with a considerable risk of serious consequences. Indeed, 
survival after complete remission is threatened by an increased risk of new independent neoplasms or heart 
failure, while quality of life may be impaired by the occurrence of cognitive impairment or reproductive failure1,2.

Involved tissues and organs can be different. Nevertheless, these complications share a common feature: their 
incidence increases with elapsing time for months and years after treatment discontinuation3. This characteristic 
indicates an “irreversible” nature of anthracycline toxicity possibly related to a genetic damage. However, the 
diffuse nature of the toxic damage and its high incidence in tissues, the myocardium and the brain, characterized 
by slow proliferation is also compatible with the activation of a self-perpetuating vicious cycle leading to a 
progressive functional deterioration.

Both concepts fit with the notion that anthracyclines preferentially accumulate in the mitochondrial matrix4,5, 
where they can interact with both cardiolipin and mitochondrial DNA (mtDNA)6. The consequent acceleration 
in the generation of reactive oxygen species7,8 is thought to trigger a self-perpetuating vicious cycle in which 
mtDNA and oxidative damage reinforce each other, leading to progressive impairment of mitochondrial 
bioenergetic performance9.

Doxorubicin (DXR) has been found to cause a persistent impairment in mitochondrial dynamics characterized 
by upregulation of GTPase dynamin-related protein 1 (DRP-1), the “fission promoter”10, combined with 
downregulation of the fusion factors mitofusin 1 and 2 and optic atrophy 111. Altogether, these considerations 
indicate that anthracycline treatment might impair the mitochondrial network causing an accumulation of 
fragmented mitochondria in both cancer and innocent bystander host cells for a long time12.

An accessible approach to test this hypothesis is to analyze peripheral blood mononuclear cells (PBMCs). 
The support of immune function by this heterogeneous cell population has already prompted a wide literature 
on the metabolic properties and mitochondrial respiration of these cells in various conditions, including 
chemotherapy13,14. Accordingly, the aim of the present study was to examine the response of mitochondrial 
respiration to DXR. These functional analyses were thus complemented with the evaluation of mtDNA copy 
number (mtDNA-CN) to verify whether mitochondrial dynamics and function of “normal” PBMCs are 
affected by chemotherapy and whether their response is related to treatment effectiveness. This evaluation was 
performed in patients with Hodgkin lymphoma (HL) as a clinical model allowing a serial evaluation of DXR 
effect, and standard criteria to define the treatment effectiveness using positron emission tomography/computed 
tomography (PET/CT) scanning at well-established time-points.

Methods
Patient population
From June 2020 up to January 2023, a total of 38 patients were admitted to our institute for suspected, and 
subsequently confirmed, HL; 15 of them were subsequently excluded due to the escalation of therapy after two 
cycles of doxorubicin, bleomycin, vinblastine, and dacarbazine (ABVD), leaving a study cohort of 23 patients. 
Control subjects (n = 23) participating in the Preventive Medicine Program of our Institute were enrolled 
according to a case-control criterion. Exclusion criteria were positivity for HBV, HCV and HIV or any other 
coexistent disease asking for pharmacological therapy. All participants provided their written informed consent 
to participate in this study that was approved by the Ethical Committee of Regione Liguria (50/20-DB id 10306).

According to current guidelines15, all patients were submitted to a staging PET/CT imaging of 
18F-Fluorodeoxyglucose (FDG) uptake just before the start of treatment with ABVD, administered at standard 
doses. FDG imaging was repeated after two ABVD cycles (interim-PET) as well as at three weeks-one month 
after the end of therapy (EoT-PET).

The interim PET was evaluated according to the Deauville criteria16 to identify the 23 patients with a score 1 
to 3 in whom the maintenance of ABVD regimen was indicated. Finally, the EoT-PET was analyzed according to 
the Lugano criteria to identify responders and non-responders17.

PBMCs isolation
Blood cell count was assayed according to the same routine procedure of our Institute for both HL patients and 
control subjects. Sampling was performed at the scheduled time in control subjects. In HL patients, samples were 
harvested at the three time points of imaging, just before the FDG administration, and thus before treatment 
started, at interim- and EoT-PET/CT evaluation, respectively.

At the time of blood sampling, further 15 mL of blood were collected and analyzed within 24 h. According 
to our validated procedure18, PBMCs were isolated using lympholyte gradients (Cedarlane), washed three times 
with Ca2+/Mg2+ free phosphate-buffered saline and resuspended at 5 × 106 cells/mL. Obtained cells were divided 
and dedicated to the different experimental evaluations.

Seahorse analysis
PBMCs were seeded in Seahorse XFp Extracellular Flux Analyzer (Agilent Technologies, Santa Clara, CA, US) 
cell plates (105 cells/well) and gently centrifuged with no brake at 40 × g for 3 min. The plate was then rotated 
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180° before a further centrifugation at 80× g for 3 min to encourage adhesion to the plate and to obtain an 
evenly dispersed monolayer19. Cells were then incubated at 37 °C for 45 min in a no-CO2 incubator with Agilent 
Seahorse DMEM, pH 7.4, enriched with glucose (11 mM). OCR and extracellular acidification rate (ECAR) were 
monitored according to the manufacturer instructions. Briefly, three measurements were taken under control 
conditions and after sequential injections of 1.5 µM oligomycin (ATP-synthase inhibitor) and 0.5 µM rotenone 
(Complex I inhibitor) plus 0.5 µM antimycin A (Complex III inhibitor).

ECAR was converted to proton efflux rate using WAVE software (Version 2.4, Agilent), after evaluating 
the buffer factor of the medium. PER value was thus divided by 2, to estimate glucose flux through glycolysis 
(nanomoles × min− 1/million cells).

Flow cytometry analysis
To assess the redox status, 5 × 105 PBMCs were stained for 20 min at 37 °C with 5 µM MitoSOX Red and 10 µM 
2′,7′-dichlorodihydrofluorescein (DCF) (Thermo Fisher Scientific, Waltham, MA, USA). The cells were then 
washed twice with PBS, centrifuged for 5 min at 290× g and resuspended in PBS + 1% BSA for flow cytometry 
analysis. Data were acquired on a FACSCan (Becton Dickinson, Milan, Italy) and data analysis was performed 
with FlowJo software (Version 9.96).

Mitochondrial DNA extraction and copy number assessment
Total DNA, including mtDNA, was extracted from the PBMCs using QIAamp DNA Kit (Qiagen, Hilden, 
Germany). DNA concentration was assessed by Qubit Fluorometer using dsDNA HS Assay Kit (ThermoFisher 
Scientific, San Jose, CA, USA). The mean mtDNA-CN per cell was determined by QX200 droplet digital 
polymerase chain reaction (ddPCR) system (Bio-Rad, Hercules, CA, USA) using a previously described 
multiplexing strategy20.

We employed two custom FAM-labeled assays targeting mtDNA genes (i.e., mitochondrially encoded 
NADH dehydrogenase 1, ND1 (dHsaCNS669425578) and DN6 (dHsaCNS941916401)) normalized against two 
HEX-labeled assays targeting nuclear DNA (i.e., ribonuclease P/MRP subunit p30, RPP30 (dHsaCP2500350) 
and argonaute RISC component 1, AGO1 (dHsaCP1000002)).

Due to the higher mtDNA-CN compared to nuclear DNA, the two mitochondrial assays (ND1 and ND6) 
were evaluated in two separate reactions and then averaged. Briefly, 0.9 ng of total DNA was amplified using the 
ddPCR Supermix for Probes (No dUTP) (Bio-Rad) with the following TaqMan® assays: ND1 or ND6 (900 nM), 
RPP30 (900 nM), and AGO1 (450 nM) at an annealing/extension temperature of 58 °C. Each sample was run in 
duplicate with a negative control (no template) and the data analysis was conducted using QuantaSoft™ Analysis 
Pro software v.1.0.596 (Bio-Rad). The mtDNA-CN assessment was performed by calculating the ratio between 
the concentration (copies/µl) of the ND1 or ND6 locus and the mean concentration of RPP30 and AGO1. This 
ratio was then multiplied by two to account for the presence of two copies of nuclear genes in diploid cells, and 
the ND1 and ND6 copy numbers were averaged.

Mitochondrial DNA mutational status
Mitochondrial DNA sequencing was performed using KAPA HyperCap v3.3 workflow (Roche Diagnostics, 
Mannheim, Germany), according to the manufacturer’s instructions, starting from 100 ng of total DNA. The 
amplified libraries were quantified by Qubit Fluorometer (dsDNA HS Assay Kit) and combined into sets of 8 
libraries (187.5 ng for each library).

These pooled libraries were then hybridized at 55 °C for 18 h using KAPA HyperCap Target Enrichment 
probes (KAPA HyperCap DS Human mtDNA Design, 0.5  Mb T1, 1000005603). After hybridization, the 
captured pools were amplified through 16 PCR cycles, followed by purification and quantification. Then, library 
pools were run on a NextSeq500 (Illumina Inc., San Diego, CA, USA) instrument using 2 × 150pb paired-end 
sequencing.

Raw fastq files were processed for UMI extraction and consensus reads generation using fgbio (Fulcrum 
Genomics). Consensus reads were then aligned to GRCh38 human genome assembly using BWA-mem. 
Coverage of mitochondrial chromosome was equalized by trimming BAM files to the highest possible common 
coverage (about 150 UMIs). Variant calling and annotation were performed by Mutect2 (GATK) and ANNOVAR 
respectively. Variants retrieved in a single consensus read were discarded.

Statistics
All data were reported as means of ± SD. Unpaired t test was used to compare data between control subjects and 
HL patients at the first examination. Response of sample cell composition, energy metabolism, mtDNA-CN at 
the tree time point was tested according to one-way or two-way ANOVA as appropriate. All statistical analyses 
were carried out by using a dedicated software package, GraphPad Prism version 8 (GraphPad, San Diego, CA, 
USA).

Results
Patient population
As shown in Table 1, control subjects and HL patients showed comparable age and similar prevalence of female 
gender. On routine peripheral blood examination, red blood cell counts, and hemoglobin levels were similar in 
both groups. However, HL patients had significantly higher white blood cell counts, which mostly included both 
neutrophils and monocytes, while lymphocyte counts were comparable in both groups.

 Data are mean ± standard deviation, and number (percentage). Abbreviations: HL, Hodgkin lymphoma; ns, 
not significant.
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HL and energy metabolism of “Normal” PBMCs
At the baseline study, PBMCs sampled from HL patients had almost twice the rate of glycolytic flux compared 
to control subjects (Fig. 1A). This “Warburg effect” activation paralleled a measurable decrease in overall OCR 
in HL PBMCs (Fig. 1B) that explained by a selective impairment in mitochondrial function. Indeed, PBMCs 
harvested from HL patients showed a lower rate of oxygen usage in both its ATP-linked (Fig. 1C) and ATP-
independent (Fig. 1D) fractions. By contrast, non-mitochondrial (rotenone/antimycin-insensitive) oxygen usage 
was unchanged in patients compared to controls (Fig. 1E), as well as the extra-mitochondrial/mitochondrial 
OCR ratio (Fig. 1F).

These results suggest that PBMCs from HL patients have a measurable decrease in mitochondrial OCR. 
Thus, the marked acceleration of lactate release might be compatible with a compensatory role of glycolysis in 
supporting the energy demands of HL PBMCs.

Chemotherapy and energy metabolism of PBMCs
Mean glucose consumption (Supplementary Fig. 1 A) and overall OCR (Supplementary Fig.  1B) remained 
unchanged from baseline to interim and up to the end of the observation period. This finding suggests that the 
energy requirements of PBMCs exposed to chemotherapy remained unchanged. However, this interpretation 
was challenged by the OCR behavior. Indeed, although overall OCR did not show significant changes, its ATP-
linked fraction progressively increased during treatment (Supplementary Fig. 1 C) as opposed to mitochondrial 
ATP-independent OCR that remained substantially invariant (Supplementary Fig. 1D).

Oxygen consumption of PBMC and response to chemotherapy
According to the Lugano criteria, 18 of 23 (78%) patients showed a complete response to ABVD therapy and 
were thus defined as “responders”. Despite the similar Deauville score in the interim study16, the remaining five 
patients were classified as “non-responders” (Fig. 2). No difference was found in age (54 ± 18 vs. 52 ± 21 in non-
responders vs. responders, p = ns) or in female gender prevalence (40% vs 33%, respectively).

Glucose consumption was not related to treatment effectiveness at any of the three time points studied 
(Fig. 3A). In contrast, the OCR response to ABVD treatment (Fig. 3B) was different in the two groups. It did 
not change in responders, whereas it progressively increased in non-responders and became significantly higher 
after the end of treatment than in patients with complete remission.

In non-responder patients, this behavior largely involved the mitochondria, as both respiratory ATP-linked 
(oligomycin-sensitive) and ATP-independent (oligomycin-insensitive) OCR progressively increased from 
baseline to interim and final phases of treatment (Fig. 3C and D). On the other hand, the non-mitochondrial 
(rotenone/antimycin-insensitive) OCR fraction slightly (though significantly) increased up to the EoT time-
point, again only in non-responders (Fig. 3E). Finally, the different response of mitochondrial function was not 
related to a change in the composition of PBMCs, as the monocyte/lymphocyte ratio was similar in both groups 
at all time points examined (Fig. 3F).

The different metabolic pattern was not matched by the redox status. This analysis was performed in a 
subgroup of patients whose size was relatively small in the interim phase and definitely not adequate at the EoT, 
that was thus not considered. DCF staining reported a comparable cell redox status in the PBMCs harvested 
from either responders or non-responders (Supplementary Fig. 2 A). This similarity extended to the oxidative 

Control Subjects HL P

Number 23 23

Age, years 46.16 ± 14.58 49.87 ± 19.85 ns

Female, n (%) 10 (43%) 9 (39%) ns

Hemoglobin, g/L 138.4 ± 20.13 129.5 ± 12.9 ns

Red blood cells, millions/µL 4.80 ± 0.53 4.75 ± 0.33 ns

Platelets, thousands/µL 245 ± 57 325 ± 130 p < 0.05

White blood cells, thousands/µL 6.28 ± 1.5 10.1 ± 3.1 p < 0.01

Neutrophils, thousands/µL 3.39 ± 0.86 7.50 ± 3.00 p < 0.01

Monocytes, thousands/µL 0.5 ± 0.14 0.85 ± 0.35 p < 0.01

Lymphocytes, thousands/µL 2.22 ± 0.67 1.51 ± 0.52 p < 0.01

Ann Arbor classification, n (%)

Stage II 10 (43%)

Stage III 5 (22%)

Stage IV 8 (35%)

Histology

Classical 14

Nodular sclerosis 9

Table 1.  Baseline clinical data of control subjects and patients with hodgkin lymphoma. Data are mean ± 
standard deviation, and number (percentage). Abbreviations: HL, Hodgkin lymphoma; ns, not significant.
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stress of mitochondria, since Mitosox staining did not report any significant difference between the two cohorts 
of patients (Supplementary Fig. 2B).

Mitochondrial DNA analysis
The value of mtDNA-CN did not differ significantly between control subjects (mean: 290.4; range: 193.4–
428.8.4.8) and patients at baseline (mean: 254.9; range: 131.6–697.2.6.2) (Supplementary Fig. 3 A, Supplementary 
Table 1). However, the first two ABVD cycles significantly increased the mtDNA copy number at the interim 
time point in the entire HL cohort. This effect was apparently transient, as this value returned to baseline on EoT-
PET examination (Supplementary Fig. 3B; Supplementary Table 2). It is noteworthy that this was not due to a 
change in the cells populating the analyzed sample, whose composition did not change throughout the course of 
treatment (Supplementary Fig. 3 C). Similarly, mt-DNA copy numbers were largely independent of the ratio of 
monocytes to lymphocytes, regardless of the phase of disease analyzed (Supplementary Fig. 3D).

The behavior of mtDNA-CN was not homogeneously distributed. In responder patients, the first two ABVD 
cycles did not modify the mtDNA-CN that instead showed a significant decrease in the following phase, up 
to the EoT time-point (Fig. 3G). By contrast, non-responder patients showed a completely different pattern: 
mtDNA-CN significantly increased from baseline to Interim and remained elevated thereafter, up to one month 
after treatment discontinuation (Fig. 3H).

In a subset of 18 out of 23 patients (i.e., 15 responders and 3 non-responders), mtDNA mutational status was 
also investigated at all three time points. The number of variants was then quantified after equalizing mtDNA-

Fig. 1.  Baseline metabolic characteristics of peripheral blood mononuclear cells in controls and patients with 
Hodgkin lymphoma. (A) Glycolytic flux. (B) Overall oxygen consumption rate (OCR). (C) ATP-linked and 
(D) ATP-independent OCR. (E) Extra-mitochondrial OCR and (F) extra-mitochondrial/mitochondrial OCR 
ratio. *p < 0.05; ***p < 0.001; ****p < 0.0001; ns: not significant.
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CN coverage among all samples. Notably, a high degree of heterogeneity in the number of mtDNA variants 
was observed at baseline, spanning from a median value of 32 to a median value of 347 (data not shown) that, 
however, was not associated with treatment response. Furthermore, no significant changes in the number of 
variants were detected during treatment between responders and non-responder patients. Similarly, despite the 
increase in mtDNA-CN, comprehensive analysis of mtDNA deletions revealed no significant change during therapy, 
and no difference between responders and non-responders.

Discussion
In the present study, the PBMCs obtained from HL patients were characterized by an acceleration of the 
incomplete glucose degradation to lactate compared to control subjects. The association of the high glycolytic 
rate with the invariance of baseline oxygen consumption may suggest that the presence of HL increases the energy 
requirements of PBMCs despite the lack of contamination by neoplastic elements. However, this assumption is 
contradicted by the evidence that HL decelerates the respiratory function of these same PBMCs and decreases 
the amount of oxygen consumed by the mitochondria, either linked to ATP regeneration or independent of 
energy asset.

This metabolic pattern was observed in treatment-naïve patients and cannot be explained by a loss of 
mitochondria, as shown by the mtDNA-CN content, which was comparable to that of PBMCs harvested from 
the control subjects. Thus, these data suggest that the presence of HL triggers a metabolic reprogramming that 
activates aerobic glycolysis in the “normal” cells populating the peripheral blood.

In responder patients, ABVD therapy only slightly modified overall mtDNA-CN of PBMCs that remained 
virtually invariant from baseline to EoT time-point. This trend was reproduced by all fractions of OCR, that 
remained stable at all the three time-points of evaluation. The same “normal” blood cells of patients with 
persistent disease showed a different behavior. Their mtDNA-CN significantly increased after the first two ABVD 
cycles, and remained elevated thereafter, at least until the late EoT control. This trend was also nicely reproduced 
by mitochondrial function, with both ATP-related and ATP-independent OCR fractions significantly increasing 
from baseline to interim, and up to the EoT assessment. Finally, this effect was apparently not explained by any 
effect of therapy on mtDNA mutational burden.

Fig. 2.  Representative PET/CT images of two patients with Hodgkin lymphoma. Representative Maximum 
Intensity Projection (MIP) and PET/CT fused images of baseline, interim, and end of therapy (EoT) scans. 
On the left (blue), the figure shows a patient which responded to treatment (Deauville score at interim, and 
complete metabolic response after therapy according to Lugano criteria). On the right (red), the figure presents 
a patient showing an initial response at interim evaluation (Deauville score 1) but classified as non-responder 
at the final assessment (progressive disease according to Lugano criteria).
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Overall, these data suggest that ABVD effectiveness is associated with a specific behavior of function and 
number of the mitochondria populating the PBMCs, as an epitome of normal host cells. Complete remission is 
associated with a negligible and non-significant response of both parameters. By contrast, the persistence of HL 
lesions after the same chemotherapy is associated with an increase in the mitochondrial function and mtDNA-
CN that persists at least one month after chemotherapy.

Fig. 3.  Metabolic and mitochondrial genetic characteristics of peripheral blood mononuclear cells in patients 
with Hodgkin lymphoma. Baseline, interim, and end of therapy (EoT) metabolic and mitochondrial genetic 
characteristics of peripheral blood mononuclear cells in responder (blue) and non-responder (red) patients 
with Hodgkin lymphoma. (A) Glycolytic flux. (B) Overall oxygen consumption rate (OCR). (C) ATP-linked, 
(D) ATP-independent, and (E) extra-mitochondrial OCR. (F) Monocyte/lymphocyte ratio. Mitochondrial 
DNA copy number (mtDNA-CN) in (G) responder and (H) non-responder patients. *p < 0.05; #p < 0.05 vs. 
corresponding baseline; ns: not significant.
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Metabolic assets in the studied populations.
The number of HL patients enrolled in the present study was relatively low. However, this limitation was 

motivated by the need to avoid the interference of any variation in the administered chemotherapy regimen on 
PBMCs metabolic features. Accordingly, the analysis was limited to those patients submitted to the same ABVD 
regimen for the whole observation period, from the staging up to the end of therapy. This selection criterion 
forced us to limit the enrollment according to a Deauville score at the interim evaluation ranging 1 to 316.

The large acceleration of the glycolytic flux of HL patients compared with control subjects was not related 
to any bias related to age, according to the case-control criterion used for the selection21. Similarly, it was not 
attributable to a significant difference in the composition of sampled PBMCs, since the relative prevalence 
of monocytes and lymphocytes were similar in the two groups at the baseline examination. Likewise, the 
different behavior of OCR and mtDNA-CN in responders and non-responder patients cannot be explained by 
a possible alteration of the PBMCS composition. Indeed, the ratio between monocytes and lymphocytes did 
not significantly change during the three time points, although monocyte prevalence showed a slight and not 
significant increase at the interim phase.

Accordingly, the variation of mitochondrial number and respiratory function most likely reflects the metabolic 
response of studied cells to ABVD. This same response implied a progressive acceleration of mitochondrial 
number and respiratory activity in non-responders as opposed to responder ones whose PBMCs showed an only 
transient increase in mtDNA-CN associated with a trivial and not significant alteration in mitochondrial OCR.

Mitochondrial asset and anthracycline toxicity.
So far, several studies have already evaluated the effect of anthracyclines on mitochondrial function and 

number. In agreement with our observation in normal PBMCs, an increase in mtDNA-CN has been found to 
predict the resistance against anthracycline toxicity of cultured cell lines derived from breast22, head and neck 
or lung carcinomas23. Similarly, Kusao et al. reported that a marked increase in mtDNA-CN identifies chemo-
resistant cells harvested from pediatric patients treated with doxorubicin for Burkitt lymphoma24. Unfortunately, 
the limited amount of harvested PBMCS did not permit to couple our functionals with the assessment of proteins 
related to either pro- or anti-apoptotic signals as well as mitochondrial dynamics. Nevertheless, Malik et al. 
proposed that the increased mtDNA asset might reflect an upregulated mitochondrial biogenesis in the presence 
of a high redox stress25. Similarly, the preliminary administration of dexrazoxane has been shown to almost fully 
prevent this response in a pediatric cohort of survivors after diagnosis of acute lymphoblastic leukemia13. The 
relevance of these in vitro studies has been verified in the clinical setting by Hsu and coworkers who documented 
that high mtDNA-CN in the surgical specimen is associated with a poor outcome in patients with breast cancer 
treated with anthracyclines26.

The previously quoted studies focused on cancer, our approach aimed instead to characterize the metabolic 
effect of ABVD regimen on normal cells epitomized by the circulating PBMCs of HL patients. This decision 
was motivated by the notion that the mitochondrial function is a primary promoter of anthracycline toxicity 
on the myocardium27,28. Nevertheless, a relatively lower experience focused on the hypothesis that the cytotoxic 
effect of anthracyclines might reflect the activation of the same mechanisms in cancer cells as in normal ones. 
Christensen et al. reported an increased respiration coupled with an increase in mtDNA-CN in the PBMCs 
harvested from patients treated with adjuvant therapy for early-stage breast cancer29. Similarly, Qu et al. already 
reported that a high mtDNA-CN in leucocytes populating the peripheral blood predicts a poor outcome in 
patients with colorectal carcinoma30. The present data extends this previous observation documenting that the 
anthracycline interference on mitochondrial balance is not limited to cancer and is rather shared with normal 
host cells.

Defining the mechanisms underlying this response would have asked for a more precise definition of 
mitochondrial biology to verify the role of an increased number and an augmented mass due to the synthesis of 
mitochondrial proteins, and the activity of key transcriptional regulators. These analyses could not be performed 
in our study. Nevertheless, the PBMCs harvested from HL patients with incomplete response to ABVD combined 
the progressive increase in OCR and the persistent elevation of mtDNA-CN. This observation corroborates the 
concept that the mitochondrial response of normal cells might predict the cytotoxic effect of chemotherapy on 
lymphoma lesions.

Conclusions
The present data indicate that the therapeutic effectiveness of anthracyclines on HL is associated with a specific 
behavior of PBMCs whose mtDNA-CN and respiratory function are slightly, if any, altered by chemotherapy. 
By contrast, the resistance to ABVD treatment is associated with a progressive acceleration of mitochondrial 
function and mtDNA-CN that persists after treatment discontinuation.

Previous studies already suggested the cancer and its generating ecosystem (the host) share a similar response 
to anthracycline toxicity27. The present study extends this concept by documenting that this sharing involves the 
regulation of mitochondrial function and biogenesis, identifying the analysis of PBMCs as a possible marker of 
treatment effectiveness, at least in HL patients.

Data availability
The datasets generated and/or analysed during the current study are not publicly available but are available from 
the corresponding author on reasonable request.
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