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Abstract

Minocycline, a tetracycline-derived compound, mitigates damage caused by ischemia/reperfusion 

(I/R) injury. Here, 19 tetracycline-derived compounds were screened in comparison to 

minocycline for their ability to protect hepatocytes against damage from chemical hypoxia and I/R 

injury. Cultured rat hepatocytes were incubated with 50 μM of each tetracycline-derived 

compound 20 min prior to exposure to 500 μM iodoacetic acid plus 1 mM KCN (chemical 

hypoxia). In other experiments, hepatocytes were incubated in anoxic Krebs-Ringer-Hepes buffer 

(KRH) at pH 6.2 for 4 h prior to reoxygenation at pH 7.4 (simulated I/R). Tetracycline-derived 

compounds were added 20 min prior to reperfusion. Ca2+ uptake was measured in isolated rat liver 

mitochondria incubated with Fluo-5N. Cell killing after 120 min of chemical hypoxia measured by 

propidium iodide (PI) fluorometery was 87%, which decreased to 28% and 42% with minocycline 

and doxycycline, respectively. After I/R, cell killing at 120 min decreased from 79% with vehicle 

to 43% and 49% with minocycline and doxycycline. No other tested compound decreased killing. 

Minocycline and doxycycline also inhibited mitochondrial Ca2+ uptake and suppressed the Ca2+-

induced mitochondrial permeability transition (MPT), the penultimate cause of cell death in 

reperfusion injury. Ru360, a specific inhibitor of the mitochondrial calcium uniporter (MCU), also 

decreased cell killing after hypoxia and I/R and blocked mitochondrial Ca2+ uptake and the MPT. 

Other proposed mechanisms, including mitochondrial depolarization and matrix metalloprotease 

inhibition could not account for cytoprotection. Taken together, these results indicate that 

minocycline and doxycycline are cytoprotective by way of inhibition of MCU.
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INTRODUCTION

Tetracycline antibiotics discovered in 1948 have been used clinically for more than half a 

century to treat bacterial infections (Dugger 1948; Mainoli and Piccinelli 1955). Compounds 

in the tetracycline group share a linear fused four-ring nucleus and act antimicrobially by 

blocking association of aminoacyl-tRNA with bacterial ribosomes to inhibit protein 

synthesis (Chopra and Roberts 2001). More recently, some tetracyclines were shown to 

possess therapeutic properties beyond their initial antimicrobial action. Minocycline 

mitigates damage from reperfusion injury in the spinal cord, kidney, and liver (Kelly et al. 

2004; Theruvath et al. 2008a; Wells et al. 2003). Doxycycline has shown similar protective 

effects for myocardial infarction and cerebral ischemia (Castro et al. 2011; Pires et al. 

2011). Chlorotetracycline and demeclocycline appear to inhibit reperfusion injury in neurons 

through suppression of an intracellular rise in Ca2+ and inhibition of calpains (Jiang et al. 

2005).

Reperfusion injury is associated with morbidity and mortality after heart attack, stroke, 

diabetes, organ transplantation and other clinical situations (Aronowski et al. 1997; King et 

al. 2000; Mustoe 2004; Yellon and Hausenloy 2007). Reperfusion injury occurs after blood 

re-flows into an ischemic tissue. The surge of oxygen to oxygen-deprived tissues causes 

increased production of reactive oxygen species (ROS), leading to onset of the 

mitochondrial permeability transition (MPT). Opening of MPT pores that nonspecifically 

conduct low weight molecules up to 1500 Da causes the MPT and leads to mitochondrial 

depolarization, uncoupling of oxidative phosphorylation, high amplitude mitochondrial 

swelling and outer membrane rupture (Di Lisa et al. 2003; Di Lisa et al. 2011; Lemasters et 

al. 2009). Such ruptured mitochondria release proapoptotic factors like cytochrome c into 

the cytosol that activate caspases and other apoptotic events, culminating in cell death 

(Lemasters et al. 2002). Apoptosis requires ATP. When the MPT is severe and widespread, 

profound ATP depletion occurs that inhibits apoptosis and instead causes cell death via 

necrosis (Kim et al. 2003a). The MPT causes both apoptotic and necrotic cell death and 

organ destruction during ischemia/reperfusion (I/R) injury of liver, heart, and kidney 

(Jaeschke and Lemasters 2003; Linkermann et al. 2012; Weiss et al. 2003). Prevention of 

the MPT inhibits cell death after reperfusion (Halestrap 2009; Kim et al. 2003b; Lemasters 

et al. 1997). The tetracycline derivative minocycline inhibits the MPT by diminishing 

mitochondrial Ca2+ uptake, a trigger of the MPT (Theruvath et al. 2008a). The aim of this 

study was to evaluate cytoprotection by tetracycline derivatives against injury from hypoxia 

and I/R and to determine whether cytoprotection was mediated by inhibition of the 

mitochondrial calcium uniporter (MCU) and onset of the MPT.
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MATERIALS AND METHODS

Chemicals and reagents

Cyclosporin A (CsA) and Ru360 were purchased from Calbiochem (La Jolla, CA). Fluo-5N 

was obtained from Life Technologies (Grand Island, NY). Other reagents, including 

propidium iodide (PI) and tetracycline-derived compounds anhydrochlortetracycline, 

anhydrotetracycline, α-apo-oxytetracycline, β-apo-oxytetracycline, chlorotetracycline, 

demeclocycline, doxorubicin, 4-epianhydrotetracycline, 4-epichlorotetracycline, 4-

epioxytetracycline, 4-epitetracycline, meclocycline, metacycline, minocycline, 

oxytetracycline, penimepicycline, rolitetracycline, tetracycline, and tigecycline, were 

obtained from Sigma-Aldrich (St. Louis, MO) and VWR (Randor, PA).

Isolation of hepatocytes

Hepatocytes were isolated from male Sprague-Dawley rats (200–300 g), as described 

previously (Herman et al. 1988). Rat livers were perfused with 0.8 mg/mL collagenase 

(Type I; Worthington Biochemical Corporation, Lakewood, NJ, USA) through the portal 

vein. Hepatocytes were separated from non-parenchymal cells by centrifugation at 50 g for 2 

min at 4°C. Viability of isolated hepatocytes was ≥90%, as determined by trypan blue 

exclusion or by using a Cellometer Vision Cell Profiler (Nexcelom Biosciences, Lawrence, 

MA). Hepatocytes were resuspended in Waymouth’s medium MB-752/1 containing 27 mM 

NaHCO3, 2 mM L-glutamine, 5% fetal calf serum, 100 nM insulin and 10 nM 

dexamethasone at pH 7.4. Hepatocytes were plated in acid-soluble rat tail tendon collagen 

(20 μg/well)-coated 24-well microtiter plates (Corning Incorporated, Corning, NY) at 

150,000 cells/well in 1 ml of medium (Bissell et al. 1987). Hepatocytes were cultured 

overnight in 5% CO2/air at 37°C.

Chemical hypoxia

After overnight culture, hepatocytes were washed 3 times with air-saturated Krebs-Ringer-

Hepes buffer (KRH) containing (in mM): 115 NaCl, 5 KCI, 1 KH2PO4, 1 CaCl2, 1.2 

MgSO4, and 25 Na-Hepes buffer, pH 7.4. PI (30 μM) was added to the last wash and the 

plates were placed in an air incubator at 37°C for 20 minutes. Tetracycline derivatives, CsA, 

Ru360, MMP2/MMP9 Inhibitor 1, or cis-9-octadeconyl-N-hydroxylamide (OA-Hy) were 

then added 30–60 min prior to induction of chemical hypoxia. Chemical hypoxia was 

induced with iodoacetic acid (500 μM, IAA), a glycolytic inhibitor, plus KCN (1 mM), a 

respiratory inhibitor, to cause rapid and profound depletion of ATP (Gores et al. 1988).

Ischemia/reperfusion injury

To simulate the anoxia and acidosis of ischemia, overnight-cultured rat hepatocytes were 

incubated in anoxic KRH buffer at pH 6.2 in an anaerobic chamber (Coy Laboratory 

Products, Ann Arbor, MI) for 4 h at 37°C. Anoxia in the anaerobic chamber was maintained 

under an atmosphere of 90% N2-10% H2 in the presence of a heated palladium catalyst to 

convert residual oxygen to water vapor. Oxygen tension in the chamber was <0.001 Torr. To 

simulate the reoxygenation and return to physiological pH after reperfusion, anaerobic KRH 

at pH 6.2 was replaced with aerobic KRH at pH 7.4. In some experiments, hepatocytes were 
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reoxygenated with the same medium at pH 6.2. This model is widely used to study 

mechanisms of I/R injury in cells isolated from liver and other tissues (Kim et al. 2003c; 

Qian et al. 1997). For simplicity and directness of expression, we refer to “simulated I/R” 

simply as I/R. Some hepatocytes were treated 20 min before and then continuously after 

reperfusion with tetracycline-derived compounds or CsA. In other experiments, hepatocytes 

were treated with Ru360 (1 μM) 45 minutes before ischemia and then continuously after 

reperfusion.

Assay for cell death

Cell death was assessed by PI fluorometery using a NovoStar multiwell plate reader (BMG 

LABTECH GmbH, Offenburg, Germany), as described (Nieminen et al. 1992). Briefly, 

hepatocytes during all phases of I/R were incubated with 30 μM PI. Fluorescence from each 

well was measured at excitation and emission wavelengths of 530 nm and 590 nm, 

respectively. An initial measurement (A) of fluorescence was made 20 min after PI addition 

with subsequent measurements (X) during the course of I/R or chemical hypoxia. 

Experiments were terminated by permeabilizing plasma membranes with 200 μM digitonin, 

and a final fluorescence measurement (B) was collected after 20 more min. The percentage 

of nonviable cells (D) was calculated as D = 100(X − A)/(B − A). PI fluorometery reflects 

necrotic cell death and correlates closely with trypan blue uptake (Kim et al. 2003c; 

Nieminen et al. 1992). To prevent oxygen back diffusion during ischemia, plates were 

sealed with vacuum tape (3M, Minneapolis, MN) inside the anaerobic chamber.

Assay for mitochondrial depolarization

Hepatocytes during I/R were incubated 500 nM rhodamine 123 (Rh123), an indicator of 

mitochondrial polarization. Rh123 fluorescence (495-nm excitation, 520-nm emission) was 

then measured in a multiwell plate reader. Cationic Rh123 accumulates electrophoretically 

into negatively polarized mitochondria, leading to quenching of fluorescence (Emaus et al. 

1986). Thus, a decrease in Rh123 fluorescence measured with a fluorescence plate reader 

indicated an increase of mitochondrial polarization. Rh123 and PI are respectively red- and 

green-fluorescing indicators, and their fluorescence could be measured simultaneously 

without crosstalk.

Isolation of rat liver mitochondria

Rat liver mitochondria were isolated by differential centrifugation in ice cold 0.25 M 

sucrose, 0.5 mM EGTA, 2 mM K-Hepes buffer, pH 7.4 from fasted male Sprague Dawley 

rats (250–350 g), as previously described (Lemasters et al. 1984). Mitochondrial protein 

concentration was determined using a biuret procedure with bovine serum albumin as 

standard (Gornall et al. 1949). Oxygen consumption was assessed using a Clark electrode in 

150 mM sucrose, 5 mM MgCl2, 5 mM succinate, 1 μM rotenone, and 10 mM NaPi buffer, 

pH 7.4. Only mitochondria with respiratory control ratios greater than 5 after addition of 250 

μM ADP were used for experiments.
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Ca2+ uptake in isolated mitochondria

To assess Ca2+ uptake, isolated mitochondria were incubated in 1 mM KH2PO4, 200 mM 

sucrose, 20 mM HEPES, 5 mM succinate, 5mM Mg2+, 1 μM rotenone, 2 μM CsA, and 1 μM 

Fluo-5N (pH 7.2) with and without 5 – 50 μM tetracycline-derived compounds or 100 nM 

Ru360. After 3 min, aliquots of 50 μM CaCl2 were added at 5 min intervals for 30 min. 

Fluorescence of Ca2+-indicating Fluo-5N (excitation 495 nm and emission 520 nm) was 

determined using a multiwell plate reader.

Plate reader assays of the mitochondrial permeability transition

Mitochondrial swelling was assessed from the decrease of absorbance at 540 nm of 0.5 

mg/mL rat liver mitochondria suspended in an MPT swelling medium consisting of 0.2 M 

sucrose, 20 mM Tris, 20 mM HEPES, 5 mM succinate, 1 mM KH2PO4, 1 μM rotenone, and 

1 μg/ml oligomycin at pH 7.2, 25°C using a NovoStar multiwell plate reader, as described 

(He and Lemasters 2002). After 3 min of incubation with various compounds, 250 μM 

CaCl2 was added to induce the MPT. Decreased absorbance at 540 nm indicated 

mitochondrial swelling.

Fe2+ and Ca2+ uptake in isolated mitochondrial

To assess mitochondrial Fe2+ and Ca2+ uptake, Fe(NH4)2(SO4)2 and CaCl2, respectively, 

were added to air-saturated MPT swelling medium containing 5 mM MgCl2 and 0.5 mg/mL 

rat liver mitochondria. Compounds, mitochondria, and Fe2+ or Ca2+ were added sequentially 

at 2 minutes intervals. Fe2+- and Ca2+-stimulated oxygen uptake was measured using a 

Clark oxygen electrode.

Statistics

Data are presented as means ± SEM. Images shown are representative of three or more 

experiments. Statistical analysis was performed by the Student’s t-test or analysis of 

variance using P ≤ 0.05 as the criterion of significance.

RESULTS

Minocycline and doxycycline protect against cell death from chemical hypoxia

Cultured rat hepatocytes were treated with each of 19 tetracycline-derived compounds 

(Suppl. Fig. 1) for 20 min and then subjected to chemical hypoxia with KCN plus IAA. 

After 2 h, loss of cell viability increased to 87% with vehicle (DMSO) pretreatment (Fig. 

1A). By contrast after pretreatment with minocycline and doxycycline (50 μM), cell death 

increased to only 28% and 42%, respectively (Fig. 1A). No other tetracycline-derived 

compound tested showed protection (Suppl. Fig. 2 and Suppl. Table 1).

Dose-response experiments were performed for minocycline and doxycycline. Minocycline 

showed greatest protection at 25 μM, but became toxic at 100 μM, whereas doxycycline 

showed greatest protection at 5 μM and did not become toxic at concentrations up to 100 μM 

(Fig. 1B and C). Experiments were also performed with the remaining tetracycline-derived 

compounds at concentrations of 5 μM and 25 μM to evaluate cytoprotection at lower 
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concentrations. However, none of the other tetracycline-derived compounds decreased cell 

killing during chemical hypoxia at any concentration examined (Suppl. Table 1).

Minocycline and doxycycline protect hepatocytes against cell death after ischemia/
reperfusion

As an additional test for cytoprotection, minocycline, tetracycline, and the 17 other 

tetracycline-derived compounds were assessed for their ability to decrease cell death from 

I/R injury to hepatocytes. Overnight-cultured hepatocytes were subjected to simulated 

ischemia for 4 h followed by reperfusion with normoxic KRH at pH 7.4 in the presence of 

compound. After vehicle treatment, cell death increased progressively to 79% after 2 h of 

reperfusion (Fig. 2A). After treatment with 20 μM minocycline and 5 μM doxycycline, cell 

death was diminished and increased to only 49% and 43%, respectively (Fig. 2A). 

Tetracycline and all other compounds tested failed to decrease cell death at 5 or 20 μM (Fig. 

2B and Suppl. Table 1).

Minocycline and doxycycline inhibit the MPT

Minocycline, but not tetracycline, inhibits the MPT and prevents cell killing after both warm 

and cold I/R (Theruvath et al. 2008b; Zhang et al. 2010). To test the hypothesis that 

cytoprotection by tetracycline derivatives was related to inhibition of the MPT, we assessed 

the panel of tetracycline derivatives for their ability to block the MPT in isolated 

mitochondria. The MPT was identified by Ca2+-induced swelling measured by decreased 

absorbance at 540 nm. The MPT inhibitor CsA (Fig. 3A), minocycline (Fig. 3B), and 

doxycycline (Fig. 3C), but no other tetracycline derivative, blocked Ca2+-induced swelling 

(Fig. 3A and Suppl. Table 1). Moreover, just as doxycycline was more potent for 

cytoprotection, doxycycline was also more potent than minocycline at inhibiting the MPT 

(Fig. 3B and C).

Minocycline and doxycycline block mitochondrial Ca2+ uptake

Previously, minocycline was shown to block MPT onset by inhibition of mitochondrial Ca2+ 

uptake (Theruvath et al. 2008a). To test whether inhibition of mitochondrial uptake is a 

unique feature of cytoprotective tetracycline derivatives, doxycycline and the 15 other 

tetracycline-derived compounds were compared to minocycline, vehicle (DMSO), and 

Ru360 (100 nM, a high affinity inhibitor of mitochondrial Ca2+ uptake) for their ability to 

block mitochondrial Ca2+ uptake measured by the extra-mitochondrial Ca2+ indicator 

Fluo-5N. After each addition of 50 μM CaCl2, Fluo-5N fluorescence rose quickly before 

decreasing to baseline as mitochondria took up Ca2+ (Fig. 4). Minocycline, doxycycline, and 

Ru360 inhibited this decrease in Fluo-5N fluorescence, which indicated these compounds 

were inhibiting mitochondrial Ca2+ uptake. However, minocycline and doxycycline did not 

inhibit Ca2+ uptake after the first addition of CaCl2 but only after subsequent additions. 

Ru360, a high affinity MCU inhibitor, showed the greatest inhibition of Ca2+ uptake 

followed by doxycycline and minocycline. No other tetracycline-derived compound tested 

inhibited mitochondrial Ca2+ uptake (Fig. 4 and Suppl. Table 1).
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Ru360, a selective inhibitor of the mitochondrial Ca2+ uniporter, protects against chemical 
hypoxia and I/R

If inhibition of the MCU is the mechanism responsible for cytoprotection by minocycline 

and doxycycline, the more potent Ca2+ inhibitor Ru360 should also protect against cell 

killing. Consistent with this expectation, Ru360 was highly cytoprotective after I/R (Fig. 

2B). Ru360 was more potent at inhibiting mitochondrial Ca2+ uptake than minocycline or 

doxycycline and was also more strongly cytoprotective (Fig. 2A). After I/R, protection by 

CsA confirmed the role of the MPT in reperfusion injury (Fig. 2B). Ru360 also protected 

against cell death during chemical hypoxia (Fig. 1A). Again cytoprotection was stronger 

with Ru360 than the less potent MCU inhibitors, minocycline and doxycycline (Fig. 1A). 

During chemical hypoxia, CsA was not protective (Fig. 1A). Thus, the benefit of MCU 

inhibition was not always via inhibition of the MPT.

Minocycline, doxycycline and Ru360 inhibit Fe2+-stimulated mitochondrial respiration

MCU also transports Fe2+ (Flatmark and Romslo 1975). Accordingly, the panel of 

tetracycline derivatives was assessed for the ability to inhibit mitochondrial uptake of Fe2+. 

Fe2+ as Fe(NH4)2(SO4)2 was added to isolated mitochondria, and respiratory stimulation 

was measured with a Clark electrode as an indicator of electrogenic ion uptake. After 

addition of 50 μM Fe2+, mitochondrial oxygen respiration increased 8-fold and then returned 

to baseline after about 40 sec (Fig. 5A). A second Fe2+ addition stimulated respiration again. 

The duration of the respiratory stimulation was proportional to the amount of Fe2+ added. 

Consequently after addition of 250 μM Fe2+, stimulated respiration was sustained until 

oxygen was exhausted (Fig. 5B).

Ru360 (100 nM) blocked Fe2+-stimulated respiration completely (Fig. 5C). Minocycline (20 

μM) and doxycycline (10 μM) also inhibited Fe2+-stimulated respiration by 82% and 78%, 

respectively (Fig. 5E and F). Tetracycline and other tetracycline derivatives had no effect 

(Fig. 5D and Suppl. Table 1) on Fe2+-stimulated respiration. Mitochondrial Ca2+ uptake was 

also evaluated in a similar manner to Fe2+ uptake using a Clark electrode. Similar to Fe2+, 

Ru360 (100 nM), minocycline (20 μM), and doxycycline (10 μM) inhibited Ca2+-stimulated 

respiration by 96%, 79%, and 87%, respectively (Fig. 5G). Remarkably, rates of Ru360-

sensitive Fe2+ and Ca2+ uptake as measured by stimulated respiration were very similar (Fig. 

5G and H).

Minocycline and doxycycline do not cytoprotect by depolarizing mitochondria

One proposal for the mechanism by which minocycline cytoprotects is that minocycline 

creates ion channels that depolarize mitochondria leading to less ROS formation, which 

indirectly prevents onset of the mitochondrial permeability transition (Antonenko et al. 

2010). To test this hypothesis, rat hepatocytes were incubated with PI and Rh123, 

fluorogenic indicators of cell death and mitochondrial polarization, respectively, during I/R 

to determine if minocycline and doxycycline depolarize mitochondria at cytoprotective 

concentrations. By PI fluorometry, minocycline and doxycycline inhibited cell death at 20 

and 10 μM (Fig. 6A), respectively, but did not prevent mitochondria repolarization after 

reperfusion, as indicated by Rh123 quenching (Fig. 6B). By contrast, minocycline and 

doxycycline at 100 μM each blocked mitochondria repolarization during reperfusion, an 
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event associated with cell killing (Fig. 6A and B). Thus, depolarization was associated with 

enhanced cell killing.

Matrix metalloprotease 2/9 inhibition does not protect

Another proposal is that the mechanism of cytoprotection by tetracycline derivatives is by 

inhibition of matrix metalloproteases (MMP) 2 and/or 9 (Castro et al. 2011). MMPs are 

responsible for tissue remodeling, including breakdown of extracellular matrix (Page-

McCaw et al. 2007). Accordingly, potent non-tetracycline inhibitors of MMP2 and MMP9 

were tested for protection against chemical hypoxia. MMP2/MMP9 Inhibitor 1 and cis-9-

octadecenoyl-N-hydroxylamide (OA-Hy) were added 60 minutes prior to induction of 

chemical hypoxia to rat hepatocytes.In comparison to vehicle treatment, MMP2/MMP9 

Inhibitor 1 and OA-Hy did not prevent cell killing, whereas doxycycline serving as a 

positive control did protect (Fig. 1D).

DISCUSSION

Hypoxia and ischemia/reperfusion injury (I/R) are implicated in the pathophysiology of 

numerous disease states in organ systems throughout the body. The aim of this study was to 

determine which of several available tetracycline-derived compounds protect against 

damage to hepatocytes caused by chemical hypoxia and I/R and to characterize the 

relationship of cytoprotection to inhibition of MPT onset and MCU activity. Only 

minocycline and doxycycline protected hepatocytes against chemical hypoxia and I/R injury 

(Fig. 1 and 2 and Suppl. Table 1). In isolated mitochondria, minocycline and doxycycline 

inhibited Ca2+ and Fe2+ uptake and the MPT, whereas non-cytoprotective tetracycline 

derivatives did not (Fig. 3–5 and Suppl. Table 1). Since the MCU blocker, Ru360, also 

protected against chemical hypoxia and I/R, and since MCU inhibition prevented the Ca2+-

induced MPT, the most likely mechanism of minocycline and doxycycline cytoprotection is 

MCU inhibition. However, during chemical hypoxia, protection by minocycline and 

doxycycline appeared to be independent of the MPT, since CsA, a blocker of the MPT, 

protected against I/R injury (Fig. 2B) but not against chemical hypoxia (Fig. 1A). 

Nonetheless, iron chelators also protect against chemical hypoxia-induced cell death (Kim et 

al. 2002). Thus, minocycline and doxycycline likely protected during chemical hypoxia by 

blocking MCU-mediated mitochondrial iron uptake.

Previous work indicates that minocycline forms a complex with Ca2+ (Antonenko et al. 

2010). Our results are consistent with complex formation, since minocycline and 

doxycycline did not inhibit Ca2+ uptake until after the second injection of 50 μM CaCl2 (Fig. 

4). By contrast, the MCU inhibitor Ru360 inhibited mitochondrial Ca2+ uptake upon the first 

injection of CaCl2. This may indicate that a minocycline- and doxycycline-Ca2+ (or Fe2+) 

complex, not minocycline or doxycycline alone, is the MCU-inhibiting species. In a cellular 

environment, however, a delay of inhibition of Ca2+ uptake by minocycline and doxycycline 

may not occur, since much loosely bound Ca2+ (~1 mM) is already present in the 

intracellular milieu, and a Ca2+ complex would form as soon as minocycline and 

doxycycline enter the cells.
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During chemical hypoxia, minocycline and doxycycline, but not CsA, decreased cell killing 

(Fig. 1A). Thus, the MPT is not the determining factor for cell death during chemical 

hypoxia, which indicates that cytoprotection of minocycline and doxycycline is not due to 

direct MPT inhibition. Necrotic cell death is downstream of ATP depletion (Jeong et al. 

2003; Nieminen et al. 1994). During I/R, MPT onset prevents recovery of ATP, whereas 

during chemical hypoxia ATP generation is directly blocked and ATP depletion occurs 

independently of the MPT. Protection of minocycline and doxycycline against chemical 

hypoxia may still be through a similar mechanism as protection against I/R injury, namely 

by inhibition of MCU. Lysosomes maintain a pH of 4–5 through the action of the proton-

pumping V-ATPase. When V-ATPase becomes inhibited, as occurs from ATP depletion 

during hypoxia/anoxia, lysosomal pH increases, and lysosomes release iron into the cytosol 

(Uchiyama et al. 2008; Yoshimori et al. 1991; Zhang and Lemasters 2013). Even in the 

absence of a mitochondrial membrane potential, cytosolic iron which increases to hundreds 

of micromolar in concentration can equilibrate into mitochondria via the MCU to promote 

Fenton-type reactions and ROS formation leading cell death (Kon et al. 2010). Future 

studies will be needed to characterize intracellular iron translocation during chemical 

hypoxia in relation to cytoprotection by minocycline and doxycycline.

One proposal for cytoprotection is that cytoprotective tetracyclines cause mitochondrial 

depolarization, which decreases mitochondrial ROS formation and indirectly prevents MPT 

onset (Antonenko et al. 2010). However at cytoprotective concentrations, minocycline and 

doxycycline did not prevent mitochondrial repolarization after reperfusion. Rather, 

depolarization only occurred at higher cytotoxic concentrations of minocycline and 

doxycycline. Chelation of iron has also been suggested as a mechanism of inhibiting 

mitochondrial iron uptake and cytoprotection (Chen-Roetling et al. 2009), but we observed 

inhibition of iron uptake at iron concentrations far in excess of the concentration of 

minocycline or doxycycline. Thus, MCU inhibition by minocycline and doxycycline was a 

direct effect rather than an indirect effect due to chelation Fe2+ and/or Ca2+. Indeed, 

minocycline and doxycycline would have to chelate Fe2+ or Ca2+ at ratios of 12 or more, 

which is inconsistent with the 1 to 1 binding stoichiometry of tetracycline derivatives with 

cations (M.Nelson et al. 2002). Moreover, tetracycline also binds divalent metals but does 

not inhibit MCU and is not cytoprotective. Inhibition of MMPs has also been proposed to be 

the basis for cytoprotection by minocycline and doxycycline. However, other well 

characterized MMP inhibitors showed no cytoprotection against chemical hypoxia at 

concentrations that inhibit MMPs (Fig. 1D) (Ben-Yosef et al. 2005; Ulrich et al. 2005). A 

previous study demonstrated that chlorotetracycline and demeclocycline, like minocycline, 

are protective during cerebral ischemia. However, chlorotetracycline and demeclocycline 

conferred neuroprotection through a unique mechanism compared with minocycline, namely 

by inhibiting calpain I and II, which minocycline does not inhibit (Jiang et al. 2005). 

Calpain I and II are well recognized to promote neuronal injury (Huang and Wang 2001), 

and protection by minocycline and doxycycline but not by chlorotetracycline or 

demeclocycline may indicate that calpain I/II activation does not play an important role in 

our models of hepatocellular injury.

Schwartz et al. Page 9

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2015 April 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In clinical situations where I/R is unavoidable, such as organ preservation for transplantation 

and hepatic surgery requiring the Pringle maneuver, minocycline and doxycycline could be 

effective at reducing injury. Although Ru360 also inhibits MCU and protected against cell 

killing (Fig. 4, 5 and 1D), Ru360 is chemically unstable, making it unsuitable for clinical 

use. Both minocycline and doxycycline are safe and effective for long term treatment of 

diseases like acne (Goulden et al. 1996; Valentin et al. 2009). Moreover, toxicity associated 

with use of minocycline or doxycycline at doses required to prevent I/R injury occurs after 

months of use rather than the days of use needed in the context of liver preservation and 

surgery.

Other than the discovery of the mechanism of cytoprotection, which enhances our 

understanding of mitochondrial ion uptake in hypoxic and I/R injury, the uniqueness of 

minocycline and doxycycline as tetracycline cytoprotectants in liver is the major relevance 

of this study. Future studies by computer modeling will be directed to developing a 

pharmacophore for cytoprotection and MCU inhibition from comparison of the structures of 

minocycline and doxycycline with those of non-protective tetracyclines. Such a 

pharmacophore could be used to synthesize more potent tetracycline derivatives for 

cytoprotection and MCU inhibition.

In conclusion, minocycline and doxycycline were unique among tetracyclines for the ability 

to protect hepatocytes against chemical hypoxia and I/R injury. Although minocycline and 

doxycycline can depolarize mitochondria at high concentration, chelate Ca2+ and Fe2+, and 

inhibit MMP, these effects did not account for cytoprotection. Rather, inhibition of MCU by 

minocycline and doxycycline best explained cytoprotection. Further studies will be needed 

to determine if these tetracycline derivatives protect against I/R injury in vivo in clinical 

settings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations used

CsA cyclosporin A

IAA iodoacetic acid

I/R ischemia/reperfusion

KRH Krebs-Hepes-Ringer

MMP matrix metalloprotease

MCU mitochondrial calcium uniporter

MPT mitochondrial permeability transition

OA-Hy cis-9-octadeconyl-N-hydroxylamide

PI propidium iodide
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Rh123 rhodamine 123

ROS reactive oxygen species
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Highlights

• Minocycline and doxycycline are cytoprotective

• Minocycline and doxycycline are the only cytoprotective tetracyclines

• Cytoprotective tetracyclines inhibit MPT and mitochondrial calcium and iron 

uptake

• Cytoprotective tetracyclines protect by inhibiting the MCU
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Fig. 1. Chemical hypoxia-induced killing of hepatocytes: protection by minocycline, doxycycline 
and Ru360 but not by other tetracycline derivatives, cyclosporin A, or matrix mettaloprotease 
inhibitors
Cultured rat hepatocytes were treated with (A) tetracycline (Tet, 50 μM), minocycline 

(Mino, 50 μM), doxycycline (Doxy, 50 μM), CsA (2 μM), Ru360 (100 nM), vehicle 

(DMSO), (B) minocycline (0–100 μM), (C) doxycycline (0–100 μM), or (D) matrix 

metalloproteases MMP2/MMP9 Inhibitor 1 (5–500 μM) and cis-9-octadecenoyl-N-

hydroxylamide (OA-Hy, 1–100 μM) 30–60 min prior to addition of 500 μM iodoacetic acid 

(IAA) plus 1 mM KCN (chemical hypoxia). Cell killing was determined by PI fluorometery. 

Filled circles are DMSO-treated cells not exposed to IAA and KCN. Values are means ± SE 

from 4 or more experiments. *p ≤ 0.05 versus KCN + IAA.
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Fig. 2. Protection against ischemia/reperfusion injury by Ru360, minocycline and doxycycline 
but not tetracycline
Hepatocytes were subjected to simulated I/R as described in MATERIALS AND 
METHODS. At 20 min prior to reperfusion, 5 and 20 μM minocycline, doxycycline (A) or 

tetracycline (B) were added. Ru360 (100 nM) was added 45 min prior to reperfusion. Cell 

killing was assessed by PI fluorometery. Values are means ± SE from experiments with 3 

independent cell isolations. *p ≤ 0.05 versus pH 7.4.
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Fig. 3. Inhibition of Ca2+-induced swelling of isolated mitochondria by doxycycline and 
minocycline but not tetracycline
Swelling of rat liver mitochondria was monitored by absorbance after addition CaCl2 (250 

μM, arrows), except for the line marked No Ca2+. Three minutes before CaCl2 addition, 

mitochondria were treated with tetracycline (Tet) or CsA (2 μM) (A), minocycline (Mino) 

(B), or doxycycline (Doxy) (C) at indicated concentrations.

Schwartz et al. Page 17

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2015 April 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. Inhibition of mitochondrial Ca2+ uptake by doxycycline and minocycline but not 
tetracycline
Mitochondria were pretreated with tetracycline (18 μM), minocycline (20 μM) doxycycline 

(10 μM) or Ru360 (100 nM), and extramitochondrial Ca2+ was measured by Fluo-5N 

fluorescence. CaCl2 (50 μM) was added every 5 minutes (arrows), as described in 

MATERIALS AND METHODS.
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Fig. 5. Inhibition of mitochondrial iron uptake by doxycycline, minocycline and Ru360 but not 
tetracycline
Oxygen consumption by isolated rat liver mitochondria was measured after addition of 50 

μM (A, arrows) or 250 μM Fe(NH4)2(SO4)2 (B–F), as described in MATERIALS AND 
METHODS. Ru360 (100 nM) (C), tetracycline (20 μM) (D), minocycline (20 μM) (E), or 

doxycycline (10 μM) (F) were added 4 min prior to addition of Fe(NH4)2(SO4)2. Rates of 

respiration after addition as indicated of 250 μM CaCl2 or Fe(NH4)2(SO4)2 plus various 

compounds are shown in G and H, respectively. *p ≤ 0.05 versus None with Ca2+ or Fe2+.
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Fig. 6. Cytoprotection by minocycline and doxycycline is not associated with mitochondrial 
depolarization after I/R
Primary rat hepatocytes were subjected to simulated I/R, as described in MATERIALS 
AND METHODS. At 20 min prior to reperfusion, minocycline (20 or 100 μM) or 

doxycycline (10 or 100 μM) were added. Cell killing (A) and mitochondrial depolarization 

(B) were assessed by PI and Rh123 fluorometery, respectively. Values are means ± SE from 

experiments with 3 independent cell isolations. *p ≤ 0.05 versus pH 7.4.
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