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Abstract

Background—Some non-antibiotic drugs, such as the phenothiazine antipsychotic agents, may 

have antimicrobial activity.

Materials and Methods—We sought to determine the in vivo antimicrobial effects of the 

phenothiazine thioridazine in two mouse models of Staphylococcus aureus skin infection.

Results—Thioridazine significantly suppressed dissemination from skin to spleen and kidney 

after inoculation of the skin surface. However, the drug did not affect infection parameters in the 

skin itself. Thioridazine did suppress the size of abscesses produced when the bacteria were 

injected intradermally. On the other hand, using the cutaneous abscess model we were not able to 

demonstrate synergistic activity between thioridazine and the β-lactam drug cefazolin against 

methicillin-resistant S. aureus, as previously demonstrated in vitro.

Conclusion—The phenothiazine drug thioridazine has in vivo antimicrobial activity against 

certain S. aureus skin infections, although the previously-demonstrated reversal of methicillin 

resistance by this agent may not be readily evident in vivo.
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Because of increasing antibiotic resistance and the great expense of developing new drugs 

for clinical use, there is a continuing need for new antimicrobial agents. One way to address 

this problem is to examine drugs used to treat other medical conditions to see if they might 

have useful antimicrobial activity. In fact, a variety of so-called non-antibiotic drugs have 

been studied in this way and found to have such activities (1, 2). Of these, agents of the 

phenothiazine class of antipsychotic drugs would seem to have the most promise, especially 

against staphylococci (3–6), salmonella (7, 8), and mycobacteria (9). Most of the extensive 

previous work on the antimicrobial activity of phenothiazines has been performed in vitro, 

and because of the unusual pharmacokinetics of these drugs (as discussed below), it may be 

difficult to predict from this information how effective they might be in vivo. On the other 
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hand, these drugs have been used for over 50 years to treat psychiatric disorders and 

although they have significant toxicities, they are currently available and there is a great deal 

of experience with their clinical use.

Phenothiazines have only modest antimicrobial activity against bacteria in suspension, but 

are markedly concentrated within phagocytic cells and are much more effective against 

intracellular organisms (3). These drugs intercalate into bacterial DNA (3), cause ultra-

structural changes in bacteria (10), interrupt transport of small ions across bacterial cell 

membranes (11, 12), and reduce expression of selected cell wall proteins thereby weakening 

cell walls (13). Phenothiazines also potently inhibit efflux pumps in both human (14, 15) 

and microbial (14, 16) cells. These drugs also appear to suppress antimicrobial resistance in 

both gram-negative bacteria (17) and methicillin-resistant staphylococci (MRSA) (3, 7, 18).

Although blood and tissue levels of phenothiazines have been studied in humans and mice 

(19, 20), it is not really known what their levels might be in the individual cells of living 

hosts. Therefore, although this drug class would seem to have promise for treating certain 

infectious agents, their activity would likely be restricted to intracellular infections. 

Phenothiazines have not been studied in animal models of staphylococcal infections. Since 

Staphylcoccus aureus has the potential to act as an intracellular pathogen (21–23), these 

drugs may be useful for in vivo infections with this organism. In addition, they might also 

act to reverse resistance in MRSA and allow for treatment of such infections with standard 

β-lactams. Most of the previous work on in vitro phenothiazine activity was performed with 

thioridazine, and this drug was chosen for the present in vivo study. These experiments were 

undertaken to evaluate the effect of thioridazine against staphylococcal infections in two 

cutaneous models in mice, and to determine if this drug might alter antibiotic resistance of 

MRSA to allow for treatment of this organism with cefazolin.

Materials and Methods

Organisms

The inoculations were carried out with 107 CFU of S. aureus ATCC strain 25923 (a 

methicillin-sensitive strain) and ATCC BAA-1680 (a USA300 methicillin-resistant strain) 

(American Type Culture Collection, Manassas, VA, USA). The organisms were cultured 

overnight in tryptic soy broth and then washed three times in sterile water before use.

Animals and treatments

C57BL/6 mice were obtained from Charles Rivers Laboratories (Wilmington, MA, USA). 

The animals were female of 8–14 weeks of age, and were described by the supplier as being 

free of specific pathogens (including S. aureus). Thioridazine and cefazolin were obtained 

from Sigma (St. Louis, MO, USA). The drugs were dissolved in normal saline and given by 

intraperitoneal injection (for thioridazine) or subcutaneous injection over the upper back (for 

cefazolin). Thioridazine was given 24 and 1 h before inoculation with S. aureus, and on the 

morning of each subsequent day; doses used ranged from 3–30 mg/kg for each 

administration. This regimen was used because of the propensity of this drug to accumulate 

intracellularly in host cells. Cefazolin was given on the morning following inoculation with 
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S. aureus and on the morning of each subsequent day; doses used were either 25 or 50 

mg/kg for each administration. The drug doses were chosen from the results of preliminary 

experiments showing evidence of efficacy in the two models used; however, for studies of 

combination therapy the cefazolin regimen was purposely designed to be sub-optimal. The 

mice for these studies were housed in a separate BSL 2-enhanced section of the Veterinary 

Medical Unit at the Milwaukee VA Medical Center. The experimental procedures were 

approved by the appropriate committees at the Milwaukee Veterans Affairs Medical Center, 

8033-17.

S. aureus inoculations

The skin was shaved with an electric razor and then disinfected with iodine, washed with 

alcohol followed by saline, and dried with gauze. For epicutaneous inoculation (24, 25), the 

skin surface was prepared by gentle tape-stripping seven times with Transpore tape 

(approximately 27 mm in width, 3M, Minneapolis, MN, USA). This technique was found to 

cause minimal damage to the epidermis and dermis (24). An inoculum of 107 S. aureus CFU 

in 0.025 ml of saline was added to 4 mm filter paper discs placed on prepared skin of both 

flanks; the sites were covered with 1.0 cm2 pieces of plastic sheet and then overwrapped 

with dressings of Transpore tape and Nexcare waterproof tape (3M). To produce cutaneous 

abscesses, the same inoculum of S. aureus was injected intradermally into the flank sites.

Monitoring of infections

After 24 h, the occlusive dressings over the epicutaneous inoculation sites were removed 

and the skin washed four times with saline-soaked gauze pads. At various times after 

inoculation, the animals were killed and skin from one epicutaneous inoculation site was 

removed for histology. Paraffin sections were prepared and stained with tissue gram stains, 

with analysis as discussed below. Cultures were performed on skin scrapings from the other 

flank site or homogenates of the spleen or one kidney. In this model system (epicutaneous 

inoculations) spleen and kidney cultures are positive for the majority of animals at 24 h after 

inoculation (24, 25). The two organs were homogenized in 1 ml of saline and 0.1 ml of the 

homogenate was cultured on tryptic soy agar, with results recorded as CFU per ml. For skin 

scrapings, the entire inoculation site was sampled by abrasion with a scalpel blade until a 

glistening surface could be seen; the material removed was vortexed in 1 ml of saline and 

then cultured for CFU determinations.

The size of cutaneous abscesses resulting from intradermal inoculation was determined at 

day 3. In preliminary studies, we found that the abscesses generally reached their greatest 

size at this time, and regressed afterward. At three days the animals were killed and the skin 

containing the inoculation site removed. Abscess size (mm2) was measured in two directions 

on the inner surface of the skin, and the two measurements averaged.

Sections of S. aureus inoculated skin were examined in a blinded fashion for bacteria and 

cutaneous changes at a magnification of ×400 under light microscopy as previously 

described (24). For the purposes of this study, the epidermis was defined as the epidermal 

keratinocyte layers above the dermal-epidermal junction, but excluding the stratum corneum 

and crusts. In ten random fields in each section, the site of bacteria was determined to be in 
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the stratum corneum or crusts, the epidermis, the dermis, or combination thereof. Mouse 

skin structure is generally similar to that of humans except for a thinner epidermis and the 

grouping of hair follicles together as actively growing (anagen) or resting (telogen).

Cutaneous damage was also assessed for each linear high power ×400 field across the 

section's entire epidermis as absent epidermis, neutrophil infiltration into the keratinocyte 

layers, or complete dermal necrosis. The latter represented conversion of the entire dermis 

into a discolored amorphous crust (24). Dermal necrosis was assessed at 48 h after 

inoculation (when this process first becomes manifested), whereas the other two parameters 

were assessed at 24 h after inoculation.

Statistics

Data were expressed as the mean±SE, with statistics carried out in the GraphPad Prism 5.0 

for Macintosh statistical package using either unpaired t-tests or ANOVA and Bonferroni’s 

test for multiple comparisons. Generally at least 4–6 mice per time-point were studied in 2–4 

experiments (each consisting of animals inoculated in a similar manner on a single day). 

Statistical significance was taken as p<0.05.

Results

For infections produced by epicutaneous inoculation with S. aureus, treatment with the 

phenothiazine thioridazine produced reductions in the number of bacterial CFU obtained in 

cultures of spleen and kidney, but not skin, compared to animals not treated with this drug 

(Figure 1). There appeared to be a dose-response relationship, with the greatest effects 

occurring at doses of 30 mg/kg compared to those at lower doses. Lack of effect of this drug 

treatment on total CFU in skin cultures was also reflected in histological studies of bacterial 

invasion and cutaneous damage in the infections (Table I). Numbers of bacteria seen in the 

various skin layers (stratum corneum, epidermal keratinocyte layer, and dermis were similar 

in treated and untreated animals. The types of cutaneous damage produced by these 

experimental infections (neutrophil infiltration into the epidermis, loss of epidermis, and 

dermal necrosis) were also similar between treated and untreated animals. Therefore, in 

infections produced by applying the bacteria to the skin surface, thioridazine significantly 

suppressed staphylococcal dissemination to deep organs, but did not really affect the local 

cutaneous infection or resulting damage.

The effect of thioridazine on cutaneous staphylococcal infections was also studied for 

deeper infections produced by injecting the same inoculum intra-dermally. With this type of 

infection, thioridazine treatment did indeed suppress the size of the abscesses at the 10 

mg/kg dose using both methicillin-sensitive (25923) and resistant (BAA-1680) strains 

(Figure 2). Dissemination to spleen and kidney was not evaluated with the intradermal 

model because preliminary studies demonstrated that secondary infections of the deep 

organs were not as frequent or consistent as with epicutaneous inoculation (data not shown).

The intradermal inoculation model and the BAA-1680 MRSA strain were used to test the 

possibility that thioridazine might be able to suppress methicillin resistance in vivo and 

allow for treatment of the resistant staphylococci with cefazolin. Several doses of each drug 
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were evaluated to find those that produced minimal effects by themselves, and they were 

then combined to evaluate the possibility of synergistic effects (Table II). However, the 

latter were not found for any combinations of the two drugs.

Discussion

The results of the present study demonstrate that the phenothiazine antipsychotic drug 

thioridazine, indeed has antimicrobial activity in two mouse models of S. aureus skin 

infection. The drug significantly suppressed dissemination from the skin to spleen and 

kidney in a model system employing application of the organisms to the skin surface. 

However, infection parameters in the skin itself, including total numbers of organisms 

present in skin cultures, invasion into deeper layers of the skin, and damage to skin 

structures were not affected by thioridazine. This drug did suppress the size of abscesses 

produced when the bacteria were injected intradermally. On the other hand, using the 

cutaneous abscess model, we were not able to show that thioridazine might suppress 

methicillin resistance in MRSA and allow for synergistic activity of the combination of 

cefazolin and thioridazine against infections produced with a USA300 strain of MRSA.

As discussed above, phenothiazines accumulate within mammalian cells and this appears to 

be needed in order to achieve levels high enough to actually kill microorganisms. For 

example, peak thioridazine concentrations in serum of humans generally range from 0.13 to 

0.52 µg/ml (20) and peak chlorpromazine blood levels in mice (after 25–50 mg/kg i.p.) 

range from 0.31 to 0.87 µg/ml (19). Minimal inhibitory concentration (MIC) and minimal 

bactericidal concentration (MBC) values for thioridazine against S. aureus (including 

MRSA) in suspension, have been shown to be 20 and 40–60 µg/ml respectively, but the 

latter decreases to approximately 0.1 µg/ml when the bacteria have been ingested by 

macrophages (3). Mammalian lung tissue accumulates phenothiazines (26), but levels in 

other tissues are quite variable (19) and in individual cells could be much different. In 

addition, the synergy between phenothiazines and oxacillin has been shown to occur at 

much less than the MIC/MBCs of phenothiazines for bacteria in suspension (27). Because of 

the complicated pharmacokinetics of phenothiazines, we cannot actually predict the extent 

of antimicrobial activity these drugs might have for actual infections without performing in 

vivo studies in experimental infection models. Because S. aureus probably causes both 

extracellular and intracellular infections, and because the phenothiazines would be expected 

to affect only the latter, we might expect the type of mixed result that we found in the 

present study.

If phenothiazines can kill intracellular staphylococci, they could have a place in treatment of 

clinical infections with these organisms. Most antibiotics, including the β-lactams, are 

significantly less effective in intracellular, killing as opposed to extracellular S. aureus (28). 

Antibiotic efflux pumps of macrophages appear to actively excrete β-lactam antibiotics from 

intracellular sites (29, 30). S. aureus itself also has efflux pumps that may contribute to 

antibiotic resistance of this organism (16). Inhibition of these pumps by phenothiazines 

might be expected to help in the treatment of infections with this organism by other 

antibiotics. In addition, reversal of antibiotic resistance of various kinds has been shown for 

phenothiazines (3, 7, 17, 18, 27); however, this work was performed in vitro and it might not 
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translate to the in vivo situation. Indeed, we did not demonstrate synergy between 

thioridazine and cefazolin against MRSA in our experiments. It may be that the 

phenothiazine levels needed to reverse antibiotic resistance to methicillin for our MRSA 

strain were too high to be attained in our in vivo infections.

Phenothiazines have shown significant toxicity over the many decades in which they were 

used as major therapy for psychiatric disorders. In fact, knowledge of this toxicity retarded 

their development as antimicrobial agents at a time when safer antibiotic agents were 

becoming available. Thioridazine, the agent used in the present study, was withdrawn from 

the market by its major manufacturer in 2005; however, generic versions of the drug are still 

being manufactured and are available for clinical use. Other agents in this class are 

available; in fact, thioridazine (Mellaril), chlorpromazine (Thorazine), and trifluoperazine 

(Stelazine) are all on the formulary at the Milwaukee VA Medical Center at the present 

time. Therefore, the role of these drugs in anti-infective therapy against resistant organisms, 

or in difficult infections, should perhaps be evaluated further in appropriate studies. 

Treatment of infections with these agents would likely require a much shorter course of 

therapy and less toxicity than would treatment of a chronic psychiatric illness. As our studies 

demonstrate, phenothiazines may have promise for certain S. aureus infections. For difficult 

infections with this organism, particularly those in which the bacteria may have attained a 

chronic intracellular foothold, addition of a phenothiazine agent to standard antibiotic 

therapy might improve clinical outcomes. Less toxic phenothiazine derivatives are also 

being developed as new antimicrobial agents. However, these agents would not share the 

advantage that standard phenothiazines have of previous clinical experience and ready 

availability.
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Figure 1. 
Effect of thioridazine treatment on dissemination of bacteria to spleen and kidney after 

epicutaneous application of S. aureus onto the flank skin of mice. Values represent log10 

CFU per ml (mean±SE) in skin (SK), spleen (SP), and kidney (K) at 24 h after inoculation 

onto flank skin of 107 CFU of S. aureus (ATCC 25923). Open bars represent control 

animals (C), and checked bars represent animals treated with intraperitoneal injections of 

thioridazine at the indicated doses at 24 and one hour before inoculation with bacteria (for 

example, T3=doses of 3 mg/kg). Note that numbers of CFU in the skin were not 

significantly affected by thioridazine treatment. However, CFU in spleen and kidney were 

significantly reduced in most cases compared to those from untreated animals (p-values by 

ANOVA and Bonferroni’s tests were as follows: T30-SP p<0.001; T30-KD p<0.001; T10-

SP p<0.01; T10-KD p<0.05; T3-SP p<0.01; T3-KD p>0.05). Therefore, thioridazine 
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treatment suppressed dissemination to distant organs, but did not reduce bacterial numbers 

in the local skin infections.
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Figure 2. 
Effect of thioridazine treatment on the size of cutaneous staphylococcal abscesses in mice. 

Values represent size of abscesses (as area in mm2) after injection of 107 CFU of S. aureus 

(either ATCC 25923 or BAA-1680) intradermally into the flank skin of mice, three days 

previously. Note that the sizes of abscesses in thioridazine-treated (TH) mice versus control 

mice (C) were reduced for both the BAA 1680 (BAA) strain (p<0.0496) and the 25923 

strain (p<0.0026) as shown by the unpaired t-test.

Hahn and Sohnle Page 11

In Vivo. Author manuscript; available in PMC 2015 August 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hahn and Sohnle Page 12

Table I

Lack of effect of thioridazine on local bacterial invasion and cutaneous damage after epicutaneous inoculation 

of 107 S. aureus onto flank skin of mice. Values represent the mean±SE percentage of microscopic fields with 

the indicated characteristics in control and thioridazine-treated mice. The latter were given 10 mg/kg of the 

drug intraperitoneally 24 and 1 h before epicutaneous inoculation with S. aureus (ATCC 25923) on the flank. 

Values for invasion of bacteria or for presence of either neutrophils in the epidermis or absence of the latter 

layer were determined at 24 h after inoculation; values for dermal necrosis were determined in a separate set 

of animals at two days after inoculation (when this process becomes manifested). For these determinations, the 

epidermis was defined as the layers of keratinocytes, not counting the stratum corneum or crusts. The data 

were collected from 5–6 mice per point studied in 2–4 experiments. Note that thioridazine treatment did not 

affect cutaneous invasion by the bacteria or damage to the infected skin.

Parameter tested Control
mice

Thioridazine-treated
mice

Bacteria in stratum corneum 83.0±27.9 83.3±12.3

Bacteria in epidermis 54.0±27.6 52.2±29.5

Bacteria in dermis 29.0±25.4 23.3±20.0

Neutrophils in epidermis 38.1±21.8 39.7±23.2

Epidermis absent 10.9±16.9 11.2±13.9

Dermal necrosis 52.2±34.1 53.1±27.3

In Vivo. Author manuscript; available in PMC 2015 August 17.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hahn and Sohnle Page 13

Table II

Effects of combining thioridazine (THZ) and cefazolin (CEF) on the size of experimental cutaneous 

staphylococcal abscesses in mice. Numbers after each drug designation represent doses (in mg/kg) given 

intraperitoneally (for THZ) or subcutaneously (for CEF) on the day before inoculation, one hour before 

inoculation with S. aureus (ATCC BAA-1680), and each day after until sacrifice for THZ or each day after 

inoculation until sacrifice for CEF. Animals were sacrificed on day 3 after inoculation and abscess sizes 

determined then. A positive effect of the combination was taken as an abscess size significantly smaller than 

that obtained with either drug alone. Note that none of the combinations produced significantly smaller 

abscesses than those obtained with either drug alone.

Treatment Abscess size Effect

Control 32.2±4.8 –

THZ3 27.9±7.2 –

THZ10 13.3±2.0 –

CEF25 52.8±10.5 –

CEF50 14.5±4.5 –

THZ3+CEF25 36.1±5.8 None

THZ3+CEF50 13.3±3.7 None

THZ10+CEF 25 22.4±6.2 None

THZ10+CEF 50 12.7±4.8 None
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