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IntroductIon

Multiple myeloma (MM) is a B-cell tumor 
characterized by clonal expansion of malignant plasma 
cells within the bone marrow [1, 2]. Although the recent 
use of proteasome inhibitors and immunomodulatory 
drugs has improved response rates and overall survival, 
this tumor remains incurable for the vast majority of 
patients, so new treatments are urgently needed [3, 4]. 

Cellular metabolism is the most important 
characteristic of living cells. Both normal and tumor 
cells must produce enough energy to maintain life and 
support cell proliferation by diverting enough metabolic 
intermediates to biosynthetic pathways [5–7]. Cellular 
energy is mainly stored in the form of adenosine 
triphosphate (ATP), which is produce through anaerobic 
and aerobic glycolysis–two ATPs are generated per 
molecule of glucose via glycolysis in the cytoplasm 
and up to 36 ATPs per glucose are produced through 

complete catabolism via the TCA cycle and OXPHOS 
in mitochondria) [7]. Perhaps targeting tumor cell 
metabolism to suppress ATP production could be an 
effective future therapy for MM [8].

Prior reports showed that chloramphenicol 
inhibits mammalian mitochondrial protein synthesis 
and causes mitochondrial stress, leading to decreased 
ATP biosynthesis [9–14]. The use of chloramphenicol 
as an antimicrobial agent to treat bacterial infections 
has decreased over the years because it suppresses bone 
marrow function in humans secondary to inhibition of 
mitochondrial protein synthesis [15, 16]. However, it has 
been suggested that this adverse effect could be used to 
benefit leukemia patients [16–18]. 

Previous studies have suggested that 
chloramphenicol treatment causes mitochondrial stress, 
but prevents cancer cell apoptosis, and enhances cancer 
invasion, particularly in some solid tumors containing 
anoxic environments that rely on anaerobic glycolysis to 
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ABStrAct
Chloramphenicol is an old antibiotic that also inhibits mammalian mitochondrial 

protein synthesis. Our studies demonstrated that chloramphenicol is highly cytotoxic 
to myeloma cells, acting in a dose- and time-dependent manner. Chloramphenicol 
sharply suppressed ATP levels in myeloma cells at concentrations ≥ 25 μg/mL. 
Colorimetric and clonogenic assays indicate that chloramphenicol inhibits growth 
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cell growth at concentrations ≥ 25 μg/mL. Flow cytometry and Western blotting 
showed that chloramphenicol induces myeloma cell apoptosis at concentrations 
≥ 50 μg/mL. Chloramphenicol increased levels of cytochrome c, cleaved caspase-9 
and cleaved caspase-3, suggesting that myeloma cell apoptosis occurs through the 
mitochondria-mediated apoptosis pathway. It thus appears chloramphenicol is not 
only an old antibiotic, it is also a potential cytotoxic agent effective against myeloma 
cells. This suggests chloramphenicol may be an effective “new” drug for the treatment 
of myeloma.
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generate ATP [10–12]. On the other hand, bone marrow 
is regarded as an oxygen-rich microenvironment, in 
which myeloma cells produce large amounts of energy to 
support cell proliferation and contribute to the synthesis 
and excretion of monoclonal immunoglobulin. In our 
pre-assays, data showed that chloramphenicol inhibited 
the proliferation of myeloma cells, but the underlying 
mechanism is not yet fully understood. We hypothesized 
that chloramphenicol may decrease cellular energy 
metabolism, thereby inhibiting MM cell proliferation and 
colony formation.

reSultS 

cell growth inhibition

To determine the effect of chloramphenicol on cell 
growth, RPMI8266 and U266 cells, as well as unstimulated 
freshly isolated peripheral blood mononuclear cells 
(PBMCs), taken as a normal cell counterpart, were 
exposed to chloramphenicol or its vehicle, and the number 
of viable cells was measured using colorimetric assays. 
Dose- and time-response curves were obtained over a 
range of doses and days. The colorimetric assays indicated 
that chloramphenicol inhibited MM cell proliferation in 
a dose- and time-dependent manner (Figure 1A–1B), but 
only weakly inhibited the proliferation of normal PBMCs 
(Figure 1C). We suggest that the proliferation and energy 
metabolism of MM cells are probably at a higher level than 
in normal PBMCs. Chloramphenicol was highly cytotoxic 
at ≥ 50 μg/mL. The half maximal inhibitory concentration 
(IC50) values were 142.45 μg/mL and 315.22 μg/mL 
for RPMI8266 and U266, respectively. Importantly, 
clonogenic assays showed that chloramphenicol dose-
dependently suppressed tumor cell colony formation 
at concentrations ≥ 50 μg/mL (Figure 2A–2B). These 
assays indicate that chloramphenicol suppresses MM cell 
growth. Alcohol had no impact on cell proliferation at low 
concentrations (< 5 μL/mL).

cellular AtP levels and in vitro tumor cell 
invasion 

To test whether chloramphenicol impacts 
mitochondrial energy metabolism in MM cells, tumor 
cells were cultured with different concentrations of 
chloramphenicol prior to measuring cellular ATP content. 
The measurements confirmed that ATP levels in the tumor 
cells decreased in the presence of chloramphenicol, and 
the effect was dose-dependent (Figure 3A). A similar 
effect was elicited by rotenone, an inhibitor of the 
mitochondrial complex I electron transport chain, which 
served as a positive control. As compared with MM cells, 
ATP levels in normal PBMCs were only weakly decreased 
by chloramphenicol (Figure 3B). In addition, transwell 
in vitro invasion assays indicated that chloramphenicol 

had almost no impact on the invasiveness of MM cells 
(Figure 3C).

tumor cell apoptosis

We next determined whether chloramphenicol 
induces apoptosis of MM cells. As indicated in  
Figure 4A–4B, chloramphenicol dose-dependently 
increased the rates of both early (annexin V positive and 
PI negative cells) and late (annexin V and PI positive 
cells) apoptosis, with a significant effect observed at 
concentrations ≥ 50 μg/mL. Cleaved caspases 3 and 
9 are the activated forms of these proteolytic enzymes, 
which are biomarkers of apoptosis. Western blot 
analysis suggested that chloramphenicol (≥ 50 μg/mL) 
increased the abundance of Cytc, cleaved caspase 9, and 
cleaved caspase 3 in tumor cells, and that this effect on 
the caspases was blocked by 25 μM Z-VAD-FMK, a 
nonspecific caspase inhibitor (Figure 4C). As a possible 
control for chloramphenicol, rotenone induced increases 
in the abundance of Cytc, cleaved caspase 9 and cleaved 
caspase 3 in tumor cells. As a control for MM cells, 
PBMCs showed no increases in Cytc, cleaved caspase 
9 or cleaved caspase 3 after 48 h of treatment with 
chloramphenicol (100 μg/mL) (Figure 4D)

Proliferation and clonogenic assays with primary 
tumor cells

To gain insight into the effect of chloramphenicol 
on primary MM cells, bone marrow samples from patients 
with MM were examined. Colorimetric and clonogenic 
assays showed that chloramphenicol dose-dependently 
decreased both the proliferation and clonogenicity of bone 
marrow MM cells. The curves and figures indicate that 
chloramphenicol at concentrations ≥ 25 μg/mL markedly 
inhibited the growth of primary MM cells (Figure 5A–5C).  
Flow cytometry showed that there was almost no 
apoptosis among primary MM cells cultured alone for 
48 h (Figure 5D).

dIScuSSIon

Chloramphenicol reversibly binds to the 50S subunit 
of the 70S ribosome in prokaryotes, thereby inhibiting 
peptidyl transferase and in turn protein synthesis [13], 
[19]. As the structure of mammalian mitochondria is 
similar to prokaryotes [13, 14, 20], mitochondrial protein 
synthesis can also be inhibited by chloramphenicol. Our 
results indicate that chloramphenicol sharply suppresses 
ATP levels in human MM cell lines and primary MM 
cells at concentrations ≥ 25 μg/mL and significantly 
inhibits tumor growth at concentrations ≥ 50 μg/mL. 
Flow cytometry and Western blotting showed that 
chloramphenicol also induced MM cell apoptosis at 
≥ 50 μg/mL. These data are consistent with earlier clinical 
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Figure 1: Inhibition of rPMI8266 and u266 human MM cell proliferation. (A) Proliferation of RPMI8266 and U266 cells 
human MM cells was dose-dependently decreased by treatment with chloramphenicol for 48 h. IC50 values were 142.45 μg/ml and 
315.22 μg/mL at 48 h with RPMI8266 and U266 cells, respectively. (B) The proliferation of human MM cell lines was decreased by 
chloramphenicol in a time-dependent manner (chloramphenicol: 100 μg/mL). (c) Proliferation of normal PBMCs was weakly decreased 
by chloramphenicol. Results are expressed as the mean ± SEM (error bars) for four separate experiments; *P < 0.05.
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Figure 2: Suppression of colony formation by human MM cell lines. (A) Colony formation was dose-dependently inhibited by 
chloramphenicol. The results are expressed as the mean ± SEM (error bars) for three separate experiments; *P < 0.05. (B) Photomicrographs 
show the appearance of colonies at a low power (tumor cells: 10,000/well). 

Figure 3: cellular AtP levels and in vitro tumor cell invasion. (A) ATP levels in tumor cells were sharply suppressed by 
chloramphenicol in a dose-dependent manner. (B) Chloramphenicol-induced ATP inhibition was much weaker in normal PBMCs than  
MM cells. The results are expressed as the mean ± SEM (error bars) for four separate experiments; *P < 0.05. (c) Transwell in vitro 
invasion assays indicate that chloramphenicol had almost no effect on the invasiveness of MM cells after 48 h of treatment (2.5 × 104 tumor 
cells per well). The results are expressed as the mean ± SEM (error bars) for four separate experiments; * P < 0.05.
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reports indicating that chloramphenicol caused bone 
marrow suppression and aplastic anemia in a dose- and 
time-dependent manner [9, 21–25]. It has been suggested 
that the bone marrow toxicity of chloramphenicol may be 
useful for treatment of leukemia [16–18]. Consistent with 
that idea, our experiments indicate that chloramphenicol 
may be beneficial for patients with MM.

We found that low doses of chloramphenicol (e.g.,  
25 μg/mL) had almost no effect on the number or size of 
tumor cell colonies during the 2–3 weeks of treatment in 
MM cell clonogenic assays, but cellular ATP levels were 
effectively suppressed at that concentration. This inhibition of 
energy metabolism would change tumor biology, making it 
unconducive to tumor cell growth [8]. In contrast to previous 

Figure 4: chloramphenicol-induced apoptosis. (A) Flow cytometric analysis showed that chloramphenicol dose-dependently 
increased early (annexin V positive and PI negative cells) and late (annexin V and PI positive cells) apoptosis rates. (B) Flow cytometric analysis 
of the MM cell cycle during treatment with 100 μg/mL chloramphenicol for 0, 24 and 48 h. The differences were not statistically significant 
in four separate experiments, P > 0.05. (c) Western blot analysis showing that prolonged treatment with chloramphenicol (≥ 100 μg/mL  
or 50 μg/mL) increased levels of Cytc, cleaved caspase 9, and cleaved caspase 3 in MM cells (upper). The caspase activation was completely 
inhibited by 25 μM Z-VAD-FMK (lower). β actin served as a loading control. (d) Like chloramphenicol, rotenone increased levels of Cytc, 
cleaved caspase 9, and cleaved caspase 3 in MM cells (left and middle). Chloramphenicol (100 μg/mL for 48 h) did not increase Cytc, 
cleaved caspase 9 or cleaved caspase 3 in PBMCs (right).
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reports [10, 11], a small increase in the chloramphenicol 
dose (to ≥ 50 μg/mL) greatly suppressed tumor growth while 
further decreasing ATP levels. These phenomena suggest that 
a deep deficiency in ATP can effectively suppress tumor cell 
proliferation. Perhaps one of the mechanisms is the lack of 
one or more key energy metabolism intermediates resulting 
from the inhibition of the TCA cycle and mitochondrial 
protein synthesis. However, our studies focused on the 
mitochondria-mediated apoptosis pathway in which 
cytochrome c is released from mitochondria and activates 
caspase 9 downstream [26–29]. Western blot analysis 
showed that higher doses of chloramphenicol (≥ 100 μg/mL)  
induced production of cytochrome c, cleaved caspase 9, and 
cleaved caspase 3, as did prolonged treatment with 50 μg/mL 
chloramphenicol. These data suggest that chloramphenicol 
not only reduces ATP levels in MM cells, it also induces 
mitochondria-mediated apoptosis. In short, both decreased 
ATP levels and MM cell apoptosis likely account for the 
inhibition of tumor growth induced by chloramphenicol. 
However, our findings do not exclude other apoptosis 
pathways induced by chloramphenicol.

Chloramphenicol is highly lipid soluble [11, 30]. Its 
target serum concentration for treating infectious diseases 
is 10–30 μg/mL in serum, which corresponds to a dose 
of 50–100 mg/kg/day [19]. Our experiments confirmed 
that lower concentrations of chloramphenicol (25 μg/mL)  
significantly inhibit primary MM cell proliferation, which 
is consistent with a previous report of inhibition of mouse 
myeloma cell proliferation by chloramphenicol [31]. 
Because chloramphenicol is highly fat soluble [11], it 
likely reaches higher concentrations in the bone marrow, 
where MM cells mainly survive and accumulate, than in 
the serum [32]. Thus, higher local drug concentrations 
may inhibit the growth of MM cells. Clinically, MM 
patients are highly susceptible to serious infections due to 
immunodeficiency [33, 34]. Chloramphenicol may be used 
to control infections in these patients as well as to suppress 
their tumors. This anticancer mechanism differs from that 
of drugs currently used to treat MM and is worthy of 
further study in the future. Indeed, our findings indicate 
chloramphenicol may be an effective “new” cytotoxic 
agent for treatment of myeloma.

Figure 5: Inhibition of primary MM cell growth. (A) Colorimetric assays showed that chloramphenicol dose-dependently 
suppressed tumor cells proliferation. The results are expressed as the mean ± SEM (error bars) for three separate experiments; *P < 0.05. 
(B) Clonogenicity was markedly inhibited with chloramphenicol. As a control for MM cells, the clonogenicity of CD34+ progenitor cells 
was weakly repressed by chloramphenicol. (c) Photomicrographs showing the appearance of primary tumor cell and CD34+ progenitor cell 
colonies at a low power. (d) Primary myeloma cells cultured alone for 48 h were stained with propidium iodide (PI) and annexin-V-FITC. 
Flow cytometric analysis showed that there was almost no apoptosis among MM cells.
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MAtrIAlS And MethodS

healthy donor samples, patient samples, and 
human myeloma cell lines

After the study protocol was approved by the 
institutional review board at Longgang District People’s 
Hospital of Shenzhen, we collected peripheral blood of 
healthy donors and bone marrow aspirates from nine 
patients with MM. Healthy and patient volunteers all 
provided informed consent obtained in accordance with 
the Declaration of Helsinki. The U266 human myeloma 
cell line was kindly provided by Dr. Yang Xu (Suzhou 
University, Jiangsu, China). The RPMI8226 cell line 
was from the American Type Culture Collection (ATCC, 
Manassas, VA, USA). 

reagent

Chloramphenicol was purchased from Sigma (St. 
Louis, MO) and dissolved in alcohol. The chloramphenicol 
solutions used in this study were freshly prepared and 
protected from light. The final concentration of alcohol in 
the test tubes was less than 0.5% (v/v).

Proliferation and clonogenic assays of MM cells 

To establish the dose- and time-dependent responses 
to chloramphenicol, MM cells (1 × 104/well) were plated 
in round-bottom 96-well plates and incubated in 200 μL 
of medium containing the indicated concentration of 
chloramphenicol (0, 25, 50, 100, 200, 300, and 400 μg/mL  
for the dose-response assays; 48 h at 100 μg/mL for 
the time-response assays). Proliferation of treated and 
untreated MM cells was assessed using colorimetric 
assays (Cell Counting Kit-8; Dojindo, Kumamoto, Japan). 
Briefly, 20 μL of CCK-8 were added to each well and 
incubated for 3–4 h at 37°C in a humidified CO2 incubator. 
The absorbances at 450 nm and 630 nm were monitored 
using a microplate reader (ELX800, BIO-TEK, USA). 

To determine the capacity of chloramphenicol 
to inhibit clonogenic tumor cell growth, U266 and 
RPMI8226 MM cells were plated in quadruplicate in 
35 mm2 tissue culture dishes (tumor cells: 10,000/well) 
and incubated in the presence of different chloramphenicol 
concentrations in RPMI-1640 medium supplemented with 
0.9% methylcellulose, 30% fetal bovine serum (FBS), 
2 mM of l-glutamine, and 20 μg/mL of gentamycin sulfate. 
The cells were incubated for 2–3 weeks at 37°C under a 
5% CO2 atmosphere, after which colonies consisting of 
> 40 cells were counted under a microscope. 

trypan blue exclusion cell viability assays

Ten microliters of 4% trypan blue exclusion dye 
were added to 90 μL of treated or untreated tumor cells 

and examined under a microscope. Numbers of viable 
cells were then estimated using a hemocytometer.

cellular AtP content measurement

Total cellular ATP levels were determined using an 
ATP kit assay. MM cell lysates were prepared according 
to the manufacturer’s protocol (BioVision, Mountain  
View, CA). Each reaction was performed by mixing 
5–10 μL of lysate with 90 μL of reaction buffer in a 96-well  
plate. Finally, luciferase and its substrates were added, 
and luminescence intensity was immediately measured 
using a luminometer (TopCount; Packard, Ramsey, MN) 
calibrated using appropriate ATP standards.

Analysis of apoptotic cell death

To assess apoptotic cell death, cells were initially 
washed twice in washing buffer (8 g NaCl, 0.2 g KCl, 
1.44 g Na2HPO4, 0.24 g KH2PO4, and 1 L of H2O; pH 7.2) 
and resuspended in 400 μL of Dulbecco’s PBS. Thereafter, 
100 μL aliquots of the cell suspension were incubated with 
10 μL of 50 μg/mL propidium iodide and 5 μL of annexin-
V-FITC for 15 min at room temperature in the dark. The 
cells were then analyzed using flow cytometry.

Western blotting

For western blotting, MM cells were lysed in 
sodium dodecyl sulfate (SDS) loading buffer, and 
aliquots of the resultant lysate were loaded onto 10% SDS 
polyacrylamide gel. After electrophoresis, the proteins in 
the gel were electrotransferred to nitrocellulose sheets; 
probed for 2 h with primary antibodies against cytochrome 
C (Cytc), cleaved caspase 9, and cleaved caspase 3 (Cell 
Signaling Technology, Danyers, MA, USA); diluted 
1/1000 in PBS-T with 5% milk (Santa Cruz Biotechnology, 
Santa Cruz, CA) at room temperature; washed three times 
with PBS-T; incubated with a secondary antibody (HRP-
conjugated anti-rabbit IgG) for 1 h at room temperature; 
washed three times with PBS-T; dried and incubated for 
1 min with enhanced chemiluminescence reagent (Santa 
Cruz Biotechnology); and visualized in a Kodak Imager 
(KodakFilm, Kodak, USA). The caspase inhibitor z-VAD-
FMK was purchased from ICN (USA).

In vitro invasion assays

In vitro invasion assays were carried out in transwell 
plates using membranes with 8 μm pores, as previously 
described [10]. Briefly, each transwell membrane was 
pre-coated with 25–30 μL of diluted Matrigel (BD 
Biosciences, Belford, MA) (1:3 dilution with a serum-
free DMEM), after which RPMI8266 or U266 cells  
(2.5 × 104 cells per well) were seeded on top of the 
Matrigel layer and incubated for 48 h. Non-invading 
cells and the Matrigel layer were then removed using a 
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cotton bud, and the migrated cells, attached to the lower 
side of the membrane, were fixed by immersion in 4% 
formaldehyde for 3 min. Finally, the invading cells were 
counterstained with 0.05% crystal violet and counted.

Proliferation and clonogenic assay of primary 
tumor cells 

Mononuclear cells (MNCs) were isolated from bone 
marrow samples using density gradient centrifugation. 
The CD138+ and CD138− fractions were then isolated 
from the MNCs using CD138 microbeads (Miltenyi 
Biotec) and an AutoMACS magnetic cell sorter (Miltenyi 
Biotec). The CD138− fraction was further depleted of 
normal hematopoietic progenitors using CD34, CD3, 
CD4 and CD8 microbeads (Miltenyi Biotec). The 
resulting two fractions (CD138+CD34−CD3−CD4−CD8− 
and CD138− CD34−CD3−CD4−CD8− cells; 2.5 × 105/mL) 
were plated with or without different concentrations of 
chloramphenicol in round-bottom 96-well plates for 
colorimetric assays or in a methylcellulose culture system 
containing rhIL-6 (10 ng/mL, PeproTech) for clonogenic 
assays (1 × 105 cells per well). Tumor cell colonies were 
counted after 2–3 weeks of culture. As a control for  
MM cells, CD34+ progenitor cells from one donor’s 
peripheral blood were cultured in a methylcellulose culture 
system with 50 ng/ml GM-CSF (cells: 100,000/well). The 
phenotype of the cells in these colonies was confirmed by 
flow cytometry.

Statistical analysis 

Differences between groups were assessed using 
Student’s t test or one-way analysis of variance (ANOVA) 
with post hoc multiple comparisons test. Values of 
P < 0.05 were considered significant.

AcknoWledgMentS And FundIng

This work was supported by a grant from the 
Science and Technology R&D Fund of Shenzhen (No. 
JCYJ 20140414123738256).

conFlIctS oF IntereSt

The authors declare no conflicts of interest.

reFerenceS 

1. Kuehl WM, Bergsagel PL. Multiple myeloma: evolving 
genetic events and host interactions. Nat Rev Cancer. 2002; 
2:175–187. 

2. Harousseau JL, Moreau P. Autologous hematopoietic stem-
cell transplantation for multiple myeloma. N Engl J Med. 
2009; 360:2645–2654. 

 3. Avigan D, Rosenblatt J. Current treatment for multiple 
myeloma. N Engl J Med. 2014; 371:961–2.

 4. San-Miguel JF, Mateos MV. Can multiple myeloma become 
a curable disease? Haematologica. 2011; 96:1246–1248. 

 5. Frezza C, Pollard PJ, Gottlieb E. Inborn and acquired 
metabolic defects in cancer.  J Mol Med . 2011; 89:213–220.

 6. Markovets AA, Herman D. Analysis of cancer metabolism 
with high-throughput technologies. BMC Bioinformatics. 
2011; 12:S8.

 7. Marie SK, Shinjo SM. Metabolism and brain cancer. Clinics 
(Sao Paulo). 2011; 66:33–43. 

 8. Porporato PE, Dhup S, Dadhich RK, Copetti T, Sonveaux P. 
Anticancer targets in the glycolytic metabolism of tumors: a 
comprehensive review. Front Pharmacol. 2011; 2:49. 

 9. Turton JA, Andrews CM, Havard AC, Robinson S, York M, 
Williams TC, Gibson FM. Haemotoxicity of thiamphenicol 
in the BALB/c mouse and Wistar Hanover rat. Food Chem 
Toxicol. 2002; 40:1849–1861.

10. Li CH, Tzeng SL, Cheng YW, Kang JJ. Chloramphenicol-
induced mitochondrial stress increases p21 expression and 
prevents cell apoptosis through a p21-dependent pathway.  
J Biol Chem. 2005; 280:26193–26199. 

11. Li CH, Cheng YW, Liao PL, Yang YT, Kang JJ. 
Chloramphenicol causes mitochondrial stress, decreases 
ATP biosynthesis, induces matrix metalloproteinase-13 
expression, and solid-tumor cell invasion. Toxicol Sci. 
2010; 116:140–150. 

12. Duewelhenke N, Krut O, Eysel P. Influence on mitochondria 
and cytotoxicity of different antibiotics administered in high 
concentrations on primary human osteoblasts and cell lines. 
Antimicrob Agents Chemother. 2007; 51:54–63. 

13. Nadanaciva, S, Will, Y. New insights in drug-induced 
toxicity. Curr Pharm. 2011; 17:2100–2112.

14. Kostopoulou ON, Kouvela EC, Magoulas GE, Garnelis T, 
Panagoulias I, Rodi M, Papadopoulos G, Mouzaki A, 
Dinos GP, Papaioannou D, Kalpaxis DL. Conjugation 
with polyamines enhances the antibacterial and anticancer 
activity of chloramphenicol. Nucleic Acids Research. 2014; 
42:8621–8634. 

15. McLeod TF, Manyan DR, Yunis AA. The cellular transport 
of chloramphenicol and thiamphenicol. J Lab Clin Med. 
1977; 90:347–353. 

16. Lokhande J, Juvekar AS, Kulkarni KP. Chloramphenicol: 
screening and review to evaluate its potential beneficial 
effects in leukaemia. J Indian Med Assoc. 2007; 105:224, 
226–228.

17. Schwarz MA, Firkin BG. Chloramphenicol-a possible role in 
the treatment of leukaemia? Med J Aust. 1976; 1:687–690. 

18. Klein B, Bessler H, Lewinski UH, Cohen AM, Djaldetti M. 
Beneficial effect of chloramphenicol on pyrexia in patients 
with acute leukemia. Acta Haematol. 1980; 64:246–250.

19. Balbi HJ. Chloramphenicol: a review. Pediatr Rev. 2004; 
25:284–288. 



Oncotarget51942www.impactjournals.com/oncotarget

20. Ramachandran A, Moellering DR, Ceaser E, Shiva S, 
Xu J, Darley-Usmar V. Inhibition of mitochondrial protein 
synthesis results in increased endothelial cell susceptibility 
to nitric oxide-induced apoptosis. Proc Natl Acad Sci U S A.  
2002; 99:6643–6648. 

21. Yunis AA. Chloramphenicol toxicity: 25 years of research. 
Am J Med. 1989; 87:44N–48N.

22. Malkin D, Koren G, Saunders EF. Drug-induced aplastic 
anemia: pathogenesis and clinical aspects. Am J Pediatr 
Hematol Oncol. 1990; 12:402–410. 

23. Islam A, Butler T, Kabir I, Alam NH. Treatment of typhoid 
fever with ceftriaxone for 5 days or chloramphenicol for  
14 days: a randomized clinical trial. Antimicrob Agents 
Chemother. 1993; 37:1572–1575. 

24. Holt DE, Ryder TA, Fairbairn A, Hurley R, Harvey D. 
The myelotoxicity of chloramphenicol: in vitro and in vivo 
studies: I. In vitro effects on cells in culture. Hum Exp 
Toxicol. 1997; 16:570–576. 

25. Kong CT, Holt DE, Ma SK, Lie AK, Chan LC. Effects of 
antioxidants and a caspase inhibitor on chloramphenicol-
induced toxicity of human bone marrow and HL-60 cells. 
Hum Exp Toxicol. 2000; 19:503–510. 

26. Kluck RM, Bossy-Wetzel E, Green DR, Newmeyer DD. 
The release of cytochrome c from mitochondria: a primary 
site for Bcl-2 regulation of apoptosis. Science. 1997; 
275:1132–1136. 

27. Schimmer AD, Hedley DW, Penn LZ, Minden MD. 
Receptor- and mitochondrial-mediated apoptosis in acute 
leukemia: a translational view. Blood. 2001; 98:3541–3553. 

28. Jeong HJ, Choi Y, Kim MH, Kang IC, Lee JH, Park C, 
Park R, Kim HM. Rosmarinic acid, active component of 
Dansam-Eum attenuates ototoxicity of cochlear hair cells 
through blockage of caspase-1 activity. PLoS One. 2011; 
6:e18815. 

29. Bender CE, Fitzgerald P, Tait SW, Llambi F, McStay GP, 
Tupper DO, Pellettieri J, Sánchez Alvarado A, Salvesen GS, 
Green DR. Mitochondrial pathway of apoptosis is ancestral in 
metazoans. Proc Natl Acad Sci U S A. 2012; 109:4904–4909. 

30. Schwab SJ. Efficacy of chloramphenicol in refractory cyst 
infections in autosomal dominant polycystic kidney disease. 
Am J Kidney Dis. 1985; 5:258–261. 

31. Hartman BK, Pettengill OS, Sorenson GD. Chloramphenicol:  
effects on mouse myeloma cells in tissue culture. Science. 
1969; 165:297–8. 

32. Otjacques E, Binsfeld M, Noel A, Beguin Y, Cataldo D, 
Caers J. Biological aspects of angiogenesis in multiple 
myeloma. Int J Hematol. 2011; 94:505–518.

33. Pasa S, Altintas A, Cil T, Ustun C, Bayan K, Danis R, 
Urakci Z, Tuzun Y, Ayyildiz O. Two cases of bacterial 
meningitis accompanied by thalidomide therapy in patients 
with multiple myeloma: is thalidomide associated with 
bacterial meningitis? Int J Infect Dis. 2009; 13:e19–22. 

34. Gregersen H, Pedersen G, Svendsen N, Thulstrup AM, 
Sorensen HT, Schonheyder HC. Multiple myeloma 
following an episode of community-acquired pneumococcal 
bacteraemia or meningitis. APMIS. 2001; 109:797–800. 


