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Abstract: Background: Tetracyclines’ use in intensive animal farming has raised some concerns
regarding the biosafety for humans. Increasing evidences have revealed the presence of these drugs
in processed animal by-products, such as bone, throughout the food chain. A potential off-target of
tetracyclines is the bacterial-like mitochondrial translational machinery, thereby causing
proteostatic alterations in mitochondrial DNA-encoded components of the oxidative
phosphorylation system. Methods: The Seahorse methodology, confocal microscopy imaging of
mitochondrial potential and reactive oxygen species, and q-RT-PCR analysis of the expression of
genes involved in mitochondrial biogenesis and mitophagy were carried out on human lymphoblast
derived K562 cell line challenged with bone powder derived from chicken treated with or without
oxytetracycline and pure oxytetracycline. Results: A complex dose-dependent profile was attained
with a low dosage of bone powder extracts causing a metabolic adaptation hallmarked by
stimulation of the mitochondrial respiration and enhanced expression of mitochondriogenic factors
in particular in cells challenged with oxytetracycline-free bone extract. Conversely, a higher dosage
of bone powder extracts, regardless of their source, caused a progressive inhibition of mitochondrial
respiration and glycolysis, ultimately leading to cell death. No significant effects of the pure
oxytetracycline were observed. Conclusion: Bone powder, regardless of chicken treatment, contains
and releases factors/chemicals responsible for the observed effects on energy metabolism.
Quantitative differential effects appear to depend on biochemical alterations in the bone matrix
caused by antibiotics rather than antibiotics themselves.
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1. Introduction

Tetracyclines are widely employed antibiotics in zootechny because of their broad spectrum of
action in prophylaxis to prevent the spread of bacterial pathogen infection in farm animals [1-3].
Mechanistically, tetracyclines inhibit protein translation in bacteria by binding to the 30S and 50S
subunit of the microbial ribosome [4]. However, tetracyclines also bind eukaryotic ribosomes
accounting for the small off-site effect in mammalian cells [5]. Of note, given the similarity of bacterial
ribosomes with the mitochondrial ribosome (mitoribosome), tetracyclines more specifically affect
mitochondrial translation in eukaryotic cells [6].
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Mitochondria have a "bacterial" ancestry and are endowed with autonomous translational
machinery, distinct from that of the nucleus/cytosol, enabling biosynthesis of proteins exclusively
coded by the mitochondrial DNA (mtDNA) [7]. All the mtDNA-coded proteins are subunits that
along with others coded by the nuclear DNA co-assemble to form the respiratory chain complexes I,
IIL, IV, and the ATP-synthase. All these complexes, together with complex II, constitute the terminal
arm of the aerobic catabolism, coupling the transfer of reducing equivalents from NADH and FADH>
to Oz to the synthesis of ATP by a chemiosmotic mechanism [8]. As the mitochondrial oxidative
phosphorylation (OxPhos) is the more efficient system to generate ATP in the cell, it is not surprising
that tetracycline antibiotics influence the cell bioenergetics by affecting the mitochondrial
proteostasis. This constitutes a major concern when farm animals subjected to antibiotic
administration are intended for the food market. For this reason, the admitted dosage of antibiotic
administration and allowed maximal residual limits are regulated by stringent guidelines [9,10].
However, tetracyclines, in particular oxytetracycline (OTC), which can accumulate in the bone tissue
of farmed animals, are not included in the target samples imposed by the European Community [9]
though they can be present in mechanically separated meat (e.g., sausages, Vienna sausages) [11] as
well as in dry pet food [12-14].

In fact, according to the European Food Safety Authority's opinion, calcium content is
considered the only appropriate chemical parameter to discriminate between mechanically and
nonmechanically separated meat products [11,15]. Thus, long-lasting consumption of such food
might be related to some reported cases of adverse food reactions observed in humans [16,17] and
pets [12,13,18]. Moreover, several in vitro reports evidenced the toxicity [14,19-21], proinflammatory
[19,22], and genotoxic [23] activity of bone powder derived from chicken treated with OTC according
to withdrawal times but also of OTC in its liquid form as per generally used in zootechny.

On this basis, this study aimed to verify the effect of extracts from bone powder derived from
chicken treated with or without OTC according to withdrawal times [20] on the viability and
metabolic profile of the cultured human lymphoblast derived K562 cell line with a specific focus on
the mitochondrial functions.

2. Results

2.1. Effect of Chicken Bone Powder Extracts and Oxytetracycline on K562 Cell Viability

Samples of chicken bone powder were obtained from broiler chicken raised either under
natural/biological and tetracycline-treated conditions. The OTC content in chicken bone extracts was
evaluated by LC-MS/MS spectrometry, and the results were below the instrumental limit of detection
(i.e., <0.5 pg/kg) in untreated chicken and 1286.3 + 256.6 pg/kg) in drug-treated chicken [20].

The K562 cell line has attained widespread use as a highly sensitive in vitro target for testing
cytotoxicity of a variety of compounds [24,25]. Figure 1A shows the effect on cell viability of 24 h
treatment of K562 cells with graded dilutions of RPMI extracts from bone powder derived from
poultry raised on the ground in a full natural context, from here ahead defined as BPBE (biologically
raised poultry bone extract). It can be seen that cell viability was unaffected at relative low dilutions
of BPBE corresponding to 2 and 6 mg/ml of bone powder but started to decrease progressively with
BPBE from 50 to 124 mg/ml of bone powder with 50% reduction of viability at the lowest dilution
tested. A similar test was performed on K562 cells, but following incubation with extracts from bone
powder derived from poultry raised in farm, from here ahead defined as FPBE (intensive-farming
raised poultry bone extract). The results are illustrated in Figure 1B and show that similar to BPBE,
FBPE caused a dose-dependent decrease of cell viability through starting at a dilution corresponding
to 6 mg/ml of the bone powder. For comparative purposes, K562 cells were incubated with pure OTC
in the concentration range of 1-100 pM and Figure 1B shows that OTC affected cell viability
significantly at 50 and 100 uM.
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Figure 1. Effect of bone powder extracts on K562 cell viability. Cells were incubated for 24 h with the
indicated concentrations of either biologically raised poultry bone extract (BPBE) and intensive-
farming raised poultry bone extract (FPBE) (A) or oxytetracycline (OTC) (B) and directly counted by
the Trypan Blue exclusion test. Bars are means + SEM of four independent biological replicates for
each condition and are percentages of vehicle-treated cells; *p < 0.05 vs. 0 g/ml of bone extracts or 0
mM OTC.
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2.2. Effect of Chicken Bone Powder Extracts and Oxytetracycline on Mitochondrial Respiration and
Glycolysis in K562 Cell

To correlate the observed effect of BPBE, FBPE, and OTC on cell viability to alterations of the
cellular metabolism, we performed a systematic analysis using the Seahorse technology to assess the
two major cellular metabolic fluxes [26]. These are the mitochondrial respiratory activities driving
the oxidative phosphorylation (OxPhos) and measured as oxygen consumption rate (OCR), and
glycolysis, measured as extracellular acidification rate (ECAR), largely due to conversion of pyruvate

to lactate. Figure 2A,B shows the workflow and outcomes of this test.
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Figure 2. Representative outcome of the metabolic flux analysis protocol. (A) Oxygen consumption
rate (OCR) was first measured under routine condition (baseline respiration), and then its changes
following  the  sequential  additions of  oligomycin, carbonyl  cyanide  p-
trifluoromethoxyphenylhydrazone (FCCP), rotenone + antimycin A; the bioenergetic parameters
inferred from the comparison of the different OCR attained are shown. (B) Extracellular acidification
rate (ECAR) was first measured in a buffer without glucose, and then its changes following the
sequential addition of glucose, oligomycin, and 2-deoxyglucose (2-DG); the glycolytic parameters
inferred from the comparison of the different ECAR attained are shown.
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For the mitochondrial respiratory activity after measuring the basal OCR (OCRes), the inhibitor
of the ATP synthase oligomycin was added to elicit a lower membrane potential-controlled OCR
(OCRoig);  after  that,  the  protonophore  uncoupler = Carbonyl  cyanide  4-
(trifluoromethoxy)phenylhydrazone (FCCP) was added to release the maximal respiratory capacity
(OCRunc) and finally a combination of the two respiratory chain inhibitors antimycin A + rotenone to
set a reference baseline and to assess nonmitochondrial OCR. For measurement of glycolysis, cells in
glucose-free medium were supplemented with glucose and basal ECAR assessed (ECARGvas); after
that, oligomycin was added to elicit the maximal glycolytic capacity (ECARmax) and finally the
glycolysis inhibitor 2-DG to set a reference baseline and to assess nonglycolytic ECAR.

Using the above-described protocol, the effect of BPBE on the metabolic fluxes of K562 was
tested. As shown in Figure 3A, BPBE treatment resulted in a biphasic effect on the mitochondrial
respiratory activity; at the highest dilution of the BPBE corresponding to 2 mg/ml of bone powder,
the OCRbas almost doubled as compared with untreated cells but started to decline progressively at
lower dilution of BPBE to an extent that at the lowest dilution tested the OCRvas was barely detectable.
In keeping with the notion that the difference between the OCRvas and the OCRolig is an indirect
measure of the mitochondrial respiration linked to ATP production (OCRarr), it is worth noting that
it followed the same profile of the OCReas, thereby providing a measure of the OxPhos efficiency.
Unlike OCR, glycolysis appeared to be less sensitive to BPBE. Indeed, ECARs, though inhibited at
the lower dilution of BPBE, still retained a 40%-50% of residual activity as compared with untreated
cells (Figure 3B).

The effect of FPBE on the metabolic fluxes of K652 recapitulated what was observed with BPBE
with some differences. In particular, the stimulation of the mitochondrial respiration at the highest
dilution of FPBE was smaller than that attained with BPBE, and the inhibition of ECARvas was
stronger at the lowest dilutions of FPBE (Figure 3C,D). Pure OTC treatments did not result in any
significantly large changes in the respiratory activity, with the exception of an increase at 10 uM, and
in a progressive decline of the glycolytic activity which, however, retained about 50% of residual
ECARs at the highest concentration of OTC tested (Figure 3E,F).
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Figure 3. Effect of chicken bone powder treatment on the metabolic fluxes in K562 cells. Cells were
incubated for 48 h with the indicated concentrations of either BPBE (A,B) and FPBE (C,D), or OTC
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(E,F) and then subjected to metabolic flux analysis as detailed under Materials and Methods. The
different OCRs and ECARs parameters are detailed in Figure 2. Bars are means + SEM of 3-4
independent experiments with three technical replicates each; *p < 0.05 with respect to the same
parameter in untreated cells (“0” concentration of the compound).

2.3. Effect of Chicken Bone Powder Extracts and Oxytetracycline on the Mitochondrial Membrane Potential
and on Peroxide Production in K562 Cell

To provide independent evidences of the effect of the compound treatments on the
mitochondrial activity, we utilized laser scanning confocal microscopy to image the respiration-
driven mitochondrial membrane potential (A%¥'m) in live cells using the mitotropic fluorescent probe
tetramethylrhodamine, ethyl ester (TMRE) [27]. For this analysis, we selected only three conditions
corresponding to low, intermediate, and high concentrations of the compound’s treatment. The
results illustrated in Figure 4B, C show that at the lowest dilution tested, both BPBE and FPBE
treatment caused an increasing reduction in A¥m consistent with the inhibition of the mitochondrial
respiratory activity. No significant changes in the intensity of the A¥m-related fluorescent signal was
detectable at low and intermediate concentrations. On the contrary, pure OTC treatment of K562 cells
did not result in appreciable changes of the TMRE fluorescence at all the concentrations tested, Figure
4A. Enlargements of the images allow the appreciation of the intracellular distribution of the
fluorescent signal (Figure 4D); in the untreated control cells, the signal was localized in an
interconnected extranuclear compartment clearly resembling the mitochondrial network and a
comparable distribution was observed in cells treated with 100 uM OTC.

Conversely, in cells treated with intermediate dilutions of both BPBE and FBPE, the TMRE-
related fluorescent signal appeared diffused and/or concentrated in aggregate indicative of an
unstructured mitochondrial compartment, thereby anticipating the metabolic sufferance observed
following treatment of the cells at the lowest dilutions of the bone extracts.

The mitochondrial respiratory chain is the major source of reactive oxygen species (ROS) in the
cell which are generated by electron leak directly to oxygen with the production of the superoxide
radical anion Oz*- further converted to H20z, by the mitochondrial superoxide dismutase, and in this
form diffuses outside the organelle [28,29]. On this basis, we monitored the production of cellular
ROS as an indirect measure of the respiratory activity by the peroxide sensitive fluorescent probe
dichlorofluorescein (DCF) [30]. As shown in Figure 5, both BPBE and FPBE treatment caused a
significant reduction in the DCF-related signal at the intermediate and lowest dilutions. Conversely,
no changes were observed at all the concentrations of pure OTC tested.



Pharmaceuticals 2020, 13, 114 6 of 14

A otc

CTRL B BPBE  2mgimi 50 mg/ml

124 mg/ml

2 mg/ml => 50 mg/ml => 124 mg/ml =>

C FBPE 54 oTC 135 uM OTC 335 uM OTC

50 mg/ml =>

D CTRL 50 mg/ml 135 uM OTC

200
£ 150
@ 100
50

[
o
=
[
(%]

Fluoresce

CTRL
OTC 10
OTC 50

OTC 100

CTRL

BPBE 2
BPBE 50
BPBE 124

CTRL

FPBE 2
FPBE 50
FPBE 124

Figure 4. Effect of chicken bone powder treatment on the mitochondrial membrane potential in K562
cells. Cells were treated for 48 h with the indicated concentrations of either of OTC (A), BPBE (B),
FPBE (C), and then incubated with tetramethylrhodamine, ethyl ester (TMRE) and subjected to
confocal microscopy analysis as detailed under Materials and Methods; untreated cells were used as
control (CTRL). The images shown are from a single experiment and are representative of three
independent experiments yielding similar results; (D) digital magnification of selected areas shown
as white frames. (E) Quantification of the fluorescence-related pixel intensity/cell; for each condition
and for each experiment 10-15 different optical fields were randomly chosen, and the fluorescence
intensity/cell averaged + SEM; **p < 0.01 with respect CTRL cells.
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Figure 5. Effect of chicken bone powder treatment on the reactive oxygen species production in K562
cells. Cells were treated for 48 h with the indicated concentrations of either of OTC (A), BPBE (B),
FPBE (C), and then incubated with 2'7'-dichlorodihydrofluorescein diacetate (H2-DCFDA) and
subjected to confocal microscopy analysis as detailed under Materials and Methods; untreated cells
were used as control (CTRL). The images shown are from a single experiment and are representative
of three independent experiments yielding similar results; (D) digital magnification of selected areas
shown as white frames. (E) Quantification of the fluorescence-related pixel intensity/cell; for each
condition and for each experiment, 10-15 different optical fields were randomly chosen, and the
fluorescence intensity/cell averaged + SEM; **p < 0.01 with respect CTRL cells.
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2.4. Effect of Chicken Bone Powder Extracts and Oxytetracycline on the Expression Level of Factors
Involved in the Mitochondrial Turn-Over

Mitochondria are dynamic organelles undergoing continuous cycling as a consequence of the
balance between their biogenesis and mitophagic removal, thereby adapting their relative content to
the actual cellular energy demand [31]. To investigate this aspect of the mitochondrial physiology,
we analyzed the expression level of selected genes coding for markers of mitochondria and for
transcription factors known to be involved either in mitochondrial biogenesis and mitophagy by
quantitative RT-PCR. We could not extend this analysis to K562 cells treated with the lowest dilutions
of both BPBE and FPBE because the limited amount of total cellular RNA extract hampered the
acquisition of reproducible results. Of note, however, at the lowest and intermediate dosage of the
extracts tested, the amount of recovered RNA was about 50% lower than that attained by untreated
cells (data not shown).

Figure 6A shows the normalized transcript levels of the genes coding for the peroxisome
proliferator-activated receptor-gamma coactivator 1-alpha (PGC-1a), a master regulator of the
mitochondrial biogenesis and for the mitochondrial transcription factor A (TFAM), a key activator of
the mitochondrial genome transcription and replication [32]. Notably, low concentrations of BPBE
caused a statistically significant ten-fold increase in the transcription level of PGC-1a, whereas FPBE
at the same dilution elicited a smaller two-fold increase of the same transcript although still
statistically significant. To support the effect on the PGC-la transcription observed at low
concentrations of BPBE, we also checked the transcript levels of two genes coding for the nuclear
transcription factors 1 and 2 (NRF1, NRF2), which are also involved in mitochondrial biogenesis but,
in turn, are controlled by PGC-1a [32]. The results obtained show that both NRF1 and NRF2
expression was about ten-fold higher following low-dosage BPBE-treatment as compared with
untreated cells. A two-fold increase in NRF2 was also observed at low-dosage FPBE-treatment. At
intermediate dilution of both the bone extracts, a sharp decline of the PGC-1a transcript level was
observed. Conversely, no significant changes were observed following treatment with the pure OTC
at the two concentrations tested. Finally, we measured the expression level of genes coding for factors
involved in the mitochondrial quality control, which is a multi-steps process whereby cells activate a
selective removal of damaged mitochondria in response to stressing conditions [33]. PINK1, Parkin,
and BNIP3L (also known as NIX) are proteins that target mitochondria for degradation into
intracellular autophagosomes. Analysis of the transcription levels of these mitophagic factors
revealed a complex compound- and dose-dependent profile with a significant 50% reduction in the
transcript level of all the three factors only under the condition of low-dosage BPBE-treatment (Figure
6B).
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Figure 6. Effect of chicken bone powder treatment on the transcription of selected genes involved in
mitochondriogenesis and mitophagy in K562 cells. Cells were treated with either BPBE, FBPE, or OTC
at the indicated concentrations and subjected to quantitative RT-PCR on extracted RNA as detailed
in Materials and Methods. The expression of the indicated selected genes involved in the
mitochondrial biogenesis (A) or mitophagic processing (B) is shown as fold changes of the untreated
(CTRL) cells (in a log scale); bars are means + SEM of three independent experiments with three
technical replicates under each condition; *p < 0.05 as compared with CTRL.

3. Materials and Methods

3.1. Chicken Bone Extract

The treatment of chicken was in accordance with the guidelines of European and Italian laws, and
the study protocol was as detailed in [20]. Briefly, thirty-six 1-day-old male and female broiler
chickens (Ross 708) were randomly assigned to 2 groups, the control (n = 18) and treated (OTC)
animals (n = 18). The oxytetracycline-treated group received OTC in its liquid form (Ossitetraciclina
liquida 20%, Trel, Reggio Emilia, Italy) at a dosage of 40 mg/kg live weight via drinking water at day
1, 5, 20, and 25. The withdrawal time, at day 10, was applied between the last OTC administration
and slaughtering, that occurred on day 35. After slaughtering, the bones collected from deboned
breast and leg were dried, broken, autoclaved, finely ground, and stored at —20 °C. For the evaluation
of OTC, ground bone samples were treated with Mcllvaine-Na2 EDTA 0.1 M buffer (pH 4) and the
extracts assayed by liquid chromatography-electrospray interface (ESI) mass spectrometry (MS)/MS
system (Walnut, Creek, CA, United States). The instrument was calibrated with a known amount of

OTC, and the limit of detection was 0.5 mg/kg (see [20] for further details).
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3.2. Cell Culture and Compound Treatment

The human lymphoblast derived K562 cell line was purchased from the American Type Culture
Collection (ATCC, Manassas, Virginia, USA) and cultured at 37 °C in a humidified atmosphere (5%
CO2) in RPMI (Sigma-Aldrich, St. Louis, Missouri, USA) medium for 48 h. Oxytetracycline (OTC)
from Sigma-Aldrich (St. Louis, Missouri, USA) was stocked at 100 mM in DMSO (Sigma-Aldrich, St.
Louis, Missouri, USA). Bone powder, achieved from poultry raised with or without the
administration of oxytetracycline, was extracted in cell culture medium as previously described
[19,20]. Briefly, the bone powder was dissolved in RPMI at the concentration of 124 mg/ml and kept
under continuous stirring at 37 °C for 48 h. After that, the suspension was filtered, and the filtrate
neutralized with KOH (Sigma—Aldrich, St. Louis, Missouri, USA) at pH 7.2-7.4. For compound
treatment, 0.5-2.0 x 10° cells/ml were supplemented with graded concentration of OTC or graded
dilution of bone powder extracts as indicated. The viability of K562 cells was assessed before and
after treatments by direct counting Trypan Blue-negative cells with a hemocytometer.

3.3. Metabolic Flux Analysis

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured
with an XF96 Extracellular Flux Analyzer (Seahorse Bioscience, Billerica, MA, USA) in RPMI
following cytospinning of the K562 cells in the wells of the Seahorse cartridge. The medium was
supplemented with 1 mM pyruvate, 2 mM glutamine, 10 mM glucose for OCR measurements or with
1 mM pyruvate, 2 mM glutamine for ECAR measurements. Briefly, for OCR analysis, after measuring
basal respiration, oligomycin (1 pM), FCCP (1 uM), and rotenone + antimycin A (1 uM + 1 uM) were
injected into each well sequentially to assess coupling of the respiratory chain, maximal and
nonmitochondrial oxygen consumption, respectively. For ECAR analysis, glycolytic flux (basal
glycolysis, glycolytic capacity, and glycolytic reserve) was analyzed by the sequential addition of 10
mM glucose, 1 pM oligomycin, and 100 mM 2-deoxyglucose. OCR and ECAR values were
normalized to the cell number in each well.

3.4. Confocal Microscopy Imaging

Cells were cytospun on fibronectin-coated (Cell-tak-coated (Corning, New York, USA)) 35-mm
glass-bottom dishes (Ibidi, Gréfelfing, Germany)] and incubated for 20 min at 37 °C with 100 nM
Tetramethylrhodamine, ethyl ester (TMRE, Life Technologies, Carlsbad, CA, USA) to detect the
mitochondrial membrane potential or with 5 uM DCF-DA (2,7-dichlorofluorescin diacetate)
(Molecular Probes, Eugene, Oregon, USA) to detect cellular peroxide. Stained cells were washed with
PBS and examined by a Leica (Wetzlar, Germany) TCS SP8 confocal laser scanning microscopy
system utilizing appropriate excitation laser beams (images collected using a 60X objective (1.4 NA)).
Acquisition, storage, and analysis of data were performed with LasX software from Leica or Image]
1.48 (Wayne Rasband, NIH, Bethesda, Maryland, USA).

3.5. RNA Isolation and Quantitative RT-PCR

Total RNA from the K562 cell line was extracted using an Aurum Total RNAMini Kit (Bio-Rad,
Hercules, CA, USA) according to the manufacturer’s protocol. 0.5 mg of total RNA was then reverse-
transcribed to generate cDNA for PCR by using the iScript cDNA Synthesis kit (Bio-Rad, Hercules,
CA, USA). Semi-quantitative determination of mRNA levels was performed by real-time qRT-PCR
using SYBR Green (Bio-Rad, Hercules, CA, USA). Reactions were performed in duplicate for each
sample. Multiple reactions were performed in a volume of 20 puL containing 10 uL of 2 x PCR master
mix, 1X of validated specific primers (Qiagen, Hilden, Germany) (see Table 1), and 2 puL of cDNA
template. Amplifications were performed in the Stratagene MX3000P Real-Time PCR Detection
System (Stratagene, San Diego, CA, USA), using the following cycle program: denaturation step at
95 °C for 10 min followed by 40 cycles of denaturation at 95 °C for 15 s, annealing at 55 °C for 1 min,
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and extension at 72 °C for 30 s. The relative mRNA expression levels were calculated using the
comparative CT method (2-24¢T). Quantitative normalization for each sample was performed by using
glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Qiagen, Hilden, Germany) as an internal

control.

Table 1. List of primers used to amplify the transcripts of the indicated genes by q-RT-PCR.

Gene Product Number

PPARGC1A QT00095578
TFAM QT00012782
NRF1 QT01154076
NRF2 QT01192688
PINK1 QT00056630
PARK?2 QT00023401
BNIP3L QT00022939
GAPDH QT00079247

3.6. Statistical Analysis

All the experiments were carried out in triplicate. Data are shown as mean + standard error mean
(SEM) and compared by the unpaired Student’s t-test or one-way ANOVA, followed by Bonferroni
post-hoc test; a *p-value < 0.05 was accepted as statistically significant. All analyses were performed
using Graph Pad Prism (Graph Pad software, San Diego, CA, USA).

4. Discussion

The results presented in this study allow drawing the following conclusions schematized in
Figure 7.
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Figure 7. Schematic drawing of the major effects of chicken bone extracts on mitochondrial function
described in this study; the circled “+” an “~* indicate stimulation and inhibition, respectively, of the
indicated function with the thickness of the line proportional to the intensity of the effect. OXPHOS,
oxidative phosphorylation; PYR, pyruvate; LACT, lactate. See Discussion for further details.
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The bone extracts from chicken raised with or without prophylactic antibiotic administration
exert complex dose-dependent effects on the metabolism of the K562 cells. The outcome profile
appeared to be biphasic, being cytotoxic at relatively high concentrations but metabolism-stimulating
at very low concentrations. The metabolic stimulation consisted essentially of an increased
mitochondrial respiration with limited effects on glycolysis. Consequently, this translated into a
metabolic shift toward a more efficient ATP-generating mitochondrial OxPhos. Comparatively, the
BPBE appeared slightly more efficient than FPBE to elicit the low-dosage-mediated metabolic shift.
Assuming that the amount of OTC extractable from FPBE is in the order of 1.2-1.3 ug of the
antibiotic/Kg bone powder [20], it is easy to calculate that in our condition the K562 cells treated with
FPBE were likely exposed to a concentration of OTC ranging from 5.4 to 335 uM at the highest and
lowest dilution of the extract, respectively. On this basis, as the pure OTC at concentrations
comparable with that released in the FPBE at the highest dilution did not cause appreciable metabolic
changes, this would rule out a contribution of the antibiotic to the differential metabolic impact
observed in the BPBE- and FPBE-treated cells. Higher concentrations of bone extracts, regardless of
their source, caused a progressive inhibition of both the mitochondrial respiratory activity and
glycolysis, though more pronounced in the former. This established a condition of bioenergetic crisis
with a consequent reduction in cell viability.

Mechanistically, the observed low-dosage-mediated stimulation of the aerobic metabolism
appeared to be linked to changes in the expression of genes controlling the mitochondrial biogenesis
and/or the mitophagic removal of the organelles. A combination of these two processes was
particularly evident at the lowest concentration of BPBE and FPBE, though to a much lesser extent in
the latter. In addition, in this case, the differential transcriptional impact of FBPE treatment cannot be
ascribed to antibiotics since pure OTC did not result in significant changes in the transcription profile
of the analyzed factors. At higher concentrations of the bone extracts, the stimulatory effect on the
mitochondriogenic transcription factors was lost, and other effects prevailed leading to cell sufferance
and death.

5. Study Limitations

The major limitation of this study is that it was carried out on a single cell line. However, in a
previous investigation, we challenged human peripheral blood mononuclear cells (PBMC) with bone
extracts observing a proinflammatory effect [20]. Extension of this study on the specific effect of the
bone extract on the mitochondrial function of different primary cells and cell lines is ongoing in our
labs. A further limitation is that our findings do not enable us to draw definitive conclusions on their
impact on the consumer. The FDA and WHO have recently established residue limits of tetracyclines
in several alimentary matrices (such as liver, kidney, fat) but not for bone that is considered inedible,
in spite of the fact that tetracyclines have a high affinity for calcium-rich tissues, such as bone and
teeth. The effect, here shown, exerted by chicken bone extracts, even at very low concentrations, in
modifying the cellular energy metabolism is a warning for the need for further in-depth
investigations to define the effect of alimentary bone-derivative supplements on the consumer health.

6. Conclusions

In conclusion the presented results suggest that under the experimental conditions tested in this
study, bone powder contains and releases factors/chemicals, that regardless if derived from naturally
(antibiotic-untreated) or intensively farmed (antibiotics-treated) poultry, are responsible for the
observed effects on mitochondrial metabolism. The quantitative differential effects observed between
BPBE- and FPBE-treatment appear to depend on biochemical alterations in the bone matrix caused
by antibiotics rather than by the antibiotics themselves [1,2]. In addition to the identification of the
chemical nature of the bioactive compounds released from the bone matrix, it remains to be
established i) if other cells, phenotypically different from the K562 cells tested in this study, rewire
their metabolism following low-dosage bone extract-treatment and ii) the mechanismy(s) of cell death
occurring at high-dosage treatment.



Pharmaceuticals 2020, 13, 114 13 of 14

Author Contributions: Conceptualization, A.D.C., N.C., G.G.; Methodology, N.C., C.P. (Consiglia Pacelli), C.P.
(Claudia Piccoli); Statistical analysis, N.C., C.P. (Consiglia Pacelli); Validation, N.C., AD.C, G.G,, S.C;
Investigation, C.P. (Consiglia Pacelli), L.L., C.P. (Claudia Piccoli); Data Curation, N.C., C.P. (Consiglia Pacelli),
C.P. (Claudia Piccoli); Writing—Original Draft Preparation, N.C., A.D.C.; Writing—Review & Editing, N.C.,
A.D.C, C.P. (Consiglia Pacelli); Visualization, N.C., C.P. (Claudia Piccoli); Supervision, N.C., C.P. (Consiglia
Pacelli ), A.D.C.; Project Administration, N.C., A.D.C.; Funding Acquisition, A.D.C., N.C. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by a research grant awarded by SANYpet SpA, Bagnoli di Sopra, Padua,
Italy.

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

References

1. Di Cerbo, A.; Pezzuto, F.; Scarano, A.; Guidetti, G.; Canello, S. The contradictory world of tetracyclines.
Panminerva Med 2018, 10.23736/S0031-0808.18.03539-5, doi:10.23736/S0031-0808.18.03539-5.

2. DiCerbo, A.; Pezzuto, F.; Guidetti, G.; Canello, S.; Corsi, L. Tetracyclines: Insights and Updates of their Use
in Human and Animal Pathology and their Potential Toxicity. Open Biochem. ]. 2018, 13, 1-12.

3. Palmieri, B.; Di Cerbo, A.; Laurino, C. Antibiotic treatments in zootechnology and effects induced on the
food chain of domestic species and, comparatively, the human specie. Nutr Hosp 2014, 29, 1427-1433,
doi:10.3305/nh.2014.29.6.7350.

4. Chukwudi, C.U. rRNA Binding Sites and the Molecular Mechanism of Action of the Tetracyclines.
Antimicrob Agents Chemother 2016, 60, 4433-4441, doi:10.1128/AAC.00594-16.

5. Batabyal, B. Urinary Tract Infection in Children and Antimicrobial Resistance Pattern: Children UTI and Antibiotic
Resistance 2019, Educreation Publishing:Chhattisgarh, India, pp. 197

6. Chatzispyrou, I.A,; Held, N.M.; Mouchiroud, L.; Auwerx, J.; Houtkooper, R.H. Tetracycline antibiotics
impair mitochondrial function and its experimental use confounds research. Cancer Res 2015, 75, 4446-4449,
doi:10.1158/0008-5472.CAN-15-1626.

7.  Wallace, D.C. Why do we still have a maternally inherited mitochondrial DNA? Insights from evolutionary
medicine. Annu Rev Biochem 2007, 76, 781-821, doi:10.1146/annurev.biochem.76.081205.150955.

8. Giachin, G.; Bouverot, R.; Acajjaoui, S.; Pantalone, S.; Soler-Lopez, M. Dynamics of Human Mitochondrial
Complex I Assembly: Implications for Neurodegenerative Diseases. Front Mol Biosci 2016, 3, 43,
doi:10.3389/fmolb.2016.00043.

9. Official Journal of the European Union. Available online: https://eur-lex.europa.eu/legal-
content/EN/TXT/HTML/?uri=CELEX:32010R0037 &from=EN, %20Ed.%202009 (accessed on 01.06.2020.).

10. Gazzetta Ufficiale. Available online: https://www.camera.it/parlam/leggi/deleghe/testi/06193d]1.htm
(accessed on 01.06.2020.)

11. EFSA. Scientific Opinion on the public health risks related to mechanically separated meat (MSM) derived
from poultry and swine. Efsa J. 2013, 11, 3137.

12. Di Cerbo, A.; Canello, S.; Guidetti, G.; Fiore, F.; Corsi, L.; Rubattu, N.; Testa, C.; Cocco, R. Adverse food
reactions in dogs due to antibiotic residues in pet food: a preliminary study. Vet Ital 2018, 54, 137-146,
doi:10.12834/Vetlt.1357.7466.2.

13. Mazzeranghi, F.; Zanotti, C.; Di Cerbo, A ; Verstegen, J.P.; Cocco, R.; Guidetti, G.; Canello, S. Clinical efficacy
of nutraceutical diet for cats with clinical signs of cutaneus adverse food reaction (CAFR). Pol | Vet Sci 2017,
20, 269-276, d0i:10.1515/pjvs-2017-0032.

14. Di Cerbo, A.; Scarano, A.; Pezzuto, F.; Guidetti, G.; Canello, S.; Pinetti, D.; Genovese, F.; Corsi, L.
Oxytetracycline-Protein Complex: The Dark Side of Pet Food Open Public Health J. 2018, 11, 162-169.

15. Official Journal of the European Union. Available online: https://eur-lex.europa.eu/legal-
content/EN/TXT/HTML/?uri=CELEX:32005R2074&from=IT,%20Ed.%202005 (accessed on 01.06.2020).

16. Di Cerbo, A.; Canello, S.; Guidetti, G.; Laurino, C.; Palmieri, B. Unusual antibiotic presence in gym trained
subjects with food intolerance; a case report. Nutr Hosp 2014, 30, 395-398, d0i:10.3305/nh.2014.30.2.7594.

17. Graham, F.; Paradis, L.; Begin, P.; Paradis, ]J.; Babin, Y.; Des Roches, A. Risk of allergic reaction and
sensitization to antibiotics in foods. Ann Allergy Asthma Immunol 2014, 113, 329-330,
doi:10.1016/j.anai.2014.06.029.



Pharmaceuticals 2020, 13, 114 14 of 14

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Di Cerbo, A.; Guidetti, G.; Canello, S.; Cocco, R. A. possible correlation between diet, serum oxytetracycline
concentration, and onset of reproductive disturbances in bitches: clinical observations and preliminary
results. Turk. J. Vet. Anim. Sci. 2019, 43, 523-531.

Di Cerbo, A.; Palatucci, A.T.; Rubino, V.; Centenaro, S.; Giovazzino, A.; Fraccaroli, E.; Cortese, L.; Ruggiero,
G.; Guidetti, G.; Canello, S., et al. Toxicological Implications and Inflammatory Response in Human
Lymphocytes Challenged with Oxytetracycline. ] Biochem Mol Toxicol 2016, 30, 170-177,
doi:10.1002/jbt.21775.

Odore, R.; De Marco, M.; Gasco, L.; Rotolo, L.; Meucci, V.; Palatucci, A.T.; Rubino, V.; Ruggiero, G.; Canello,
S.; Guidetti, G., et al. Cytotoxic effects of oxytetracycline residues in the bones of broiler chickens following
therapeutic oral administration of a water formulation. Poult Sci 2015, 94, 1979-1985, d0i:10.3382/ps/pev141.
Di Cerbo, A.; Rubino, V.; Morelli, F.; Ruggiero, G.; Landi, R.; Guidetti, G.; Canello, S.; Terrazzano, G.;
Alessandrini, A. Mechanical phenotyping of K562 cells by the Micropipette Aspiration Technique allows
identifying mechanical changes induced by drugs. Sci Rep 2018, 8, 1219, doi:10.1038/s41598-018-19563-z.
Guidetti, G.; Di Cerbo, A.; Giovazzino, A.; Rubino, V.; Palatucci, A.T.; Centenaro, S.; Fraccaroli, E.; Cortese,
L.; Bonomo, M.G.; Ruggiero, G., et al. In Vitro Effects of Some Botanicals with Anti-Inflammatory and
Antitoxic Activity. ] Immunol Res 2016, 2016, 5457010, doi:10.1155/2016/5457010.

Gallo, A.; Landi, R.; Rubino, V.; Di Cerbo, A.; Giovazzino, A.; Palatucci, A.T.; Centenaro, S.; Guidetti, G.;
Canello, S.; Cortese, L.; Ruggiero, G.; Alessandrini, A.; Terrazzano, G. Oxytetracycline induces DNA
damage and epigenetic changes: a possible risk for human and animal health? Peer] 2017, 5, 3236,
doi:10.7717/peer;j.3236.

Klein, E.; Ben-Bassat, H.; Neumann, H.; Ralph, P.; Zeuthen, J.; Polliack, A.; Vanky, F. Properties of the K562
cell line, derived from a patient with chronic myeloid leukemia. Int | Cancer 1976, 18, 421-431,
doi:10.1002/ijc.2910180405.

Qian, J.; Zhou, C.H.; Qian, Z.; Nan, F.J; Ye, Q.Z. Development of a K562 cell-based assay for screening
anticancer agents. Acta Pharm. Sin 2001, 22, 821-826.

Zhang, ].; Zhang, Q. Using Seahorse Machine to Measure OCR and ECAR in Cancer Cells. Methods Mol Biol
2019, 1928, 353-363, d0i:10.1007/978-1-4939-9027-6_18.

Perry, S.W.; Norman, ].P.; Barbieri, J.; Brown, E.B.; Gelbard, H.A. Mitochondrial membrane potential probes
and the proton gradient: a practical usage guide. Biotechniques 2011, 50, 98-115, doi:10.2144/000113610.
Shadel, G.S.; Horvath, T.L. Mitochondrial ROS signaling in organismal homeostasis. Cell 2015, 163, 560-569,
doi:10.1016/j.cell.2015.10.001.

Wong, H.S.; Dighe, P.A.; Mezera, V.; Monternier, P.A.; Brand, M.D. Production of superoxide and hydrogen
peroxide from specific mitochondrial sites under different bioenergetic conditions. | Biol Chem 2017, 292,
16804-16809, doi:10.1074/jbc.R117.789271.

Hempel, S.L.; Buettner, G.R.; O'Malley, Y.Q.; Wessels, D.A.; Flaherty, D.M. Dihydrofluorescein diacetate is
superior for detecting intracellular oxidants: comparison with 2',7'-dichlorodihydrofluorescein diacetate,
5(and 6)-carboxy-2',7'-dichlorodihydrofluorescein diacetate, and dihydrorhodamine 123. Free Radic Biol Med
1999, 27, 146159, doi:10.1016/s0891-5849(99)00061-1.

Palikaras, K., Tavernarakis, N. Mitochondrial homeostasis: the interplay between mitophagy and
mitochondrial biogenesis. Exp Gerontol 2014, 56, 182-188, doi:10.1016/j.exger.2014.01.021.

Scarpulla, R.C. Metabolic control of mitochondrial biogenesis through the PGC-1 family regulatory
network. Biochim Biophys Acta 2011, 1813, 1269-1278, d0i:10.1016/j.bbamcr.2010.09.019.

Um, J.H.,; Yun, J. Emerging role of mitophagy in human diseases and physiology. Bmb Rep 2017, 50, 299-
307, doi:10.5483/bmbrep.2017.50.6.056.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
|@ @ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



