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Abstract

Background—Alcohol (ethanol) is an antinociceptive agent, working in part, by reducing 

sensitivity to painful stimuli. The transcription factor, Kruppel-like factor 11 (KLF11), a human 

diabetes-causing gene that also regulates the neurotransmitter-metabolic enzymes monoamine 

oxidase (MAOs), has recently been identified as an ethanol-inducible gene. However, its role in 

antinociception remains unknown. Consequently, we investigated the function of KLF11 in 

chronic ethanol-induced antinociception using a genetically engineered knockout mouse model.

Methods—Wild-type (Klf11+/+) and KLF11 knockout (Klf11−/−) mice were fed a liquid diet 

containing ethanol for 28 days with increasing amounts of ethanol from 0% up to a final 

concentration of 6.4%, representing a final diet containing 36% of calories primarily from ethanol. 

Control mice from both genotypes were fed liquid diet without ethanol for 28 days. The ethanol-

induced antinociceptive effect was determined using the tail-flick test before and after ethanol 

exposure (on day 29). In addition, the enzyme activity and mRNA levels of MAO A and MAO B 

were measured by Real-time RT-PCR and enzyme assays, respectively.

Results—Ethanol produced an antinociceptive response to thermal pain in Klf11+/+ mice, as 

expected. In contrast, deletion of KLF11 in the Klf11−/− mice abolished the ethanol-induced 

antinociceptive effect. The mRNA and protein levels of KLF11were significantly increased in the 

brain prefrontal cortex of Klf11+/+ mice exposed to ethanol compared to control Klf11+/+ mice. 

Furthermore, MAO enzyme activities were affected differently in Klf11 wild-type versus Klf11 
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knockout mice exposed to chronic ethanol. Chronic ethanol intake significantly increased MAO-B 

activity in Klf1+/+ mice.

Conclusions—The data show KLF11 modulation of ethanol-induced antinociception. The 

KLF11-targeted MAO B enzyme, may contribute more significantly to ethanol-induced 

antinociception. Thus, this study revealed a new role for the KLF11 gene in the mechanisms 

underlying the antinociceptive effects of chronic ethanol exposure.

Keywords

Antinociceptive response; Kruppel-Like Factor 11 (Transforming Growth Factor-beta-Inducible 
Early Gene 2); Chronic Ethanol Intake; Mice; Monoamine Oxidase; Gene Knockout

INTRODUCTION

Ethanol has been used widely for relieving pain or inducing analgesia (reducing sensitivity 

to painful stimuli) (Campbell et al., 2006; He and Whistler, 2012; Sanchis-Segura et al., 

2005); although the mechanism of its actions is not well understood. Ethanol-induced 

alterations in pain sensitivity may result in continuous and increased alcohol consumption to 

manage pain. This in turn, may contribute to alcohol abuse and addiction (Modesto-Lowe et 

al., 2007), as well as brain damage and other health problems (Brennan et al., 2005). In fact, 

disorders related to alcohol abuse are prevalent among patients with chronic pain. Therefore, 

the discovery of genes and pathways responsible for these effects are of significant clinical 

importance.

Ethanol affects many functions of the central nervous system and the peripheral nervous 

system, resulting in analgesia, sedation, hypnosis, memory disturbance, confusion, 

neurodegeneration, dependence and motor disturbance (Deitrich et al., 1989; Fadda and 

Rossetti, 1998; Lockridge et al., 2012). Recent studies have shown that the expression and/or 

activity of a variety of enzymes (Ou et al., 2010), neurotransmitter receptors (Krystal et al., 

2003; Lockridge et al., 2012; Lovinger and White, 1991) and proteins (Lu et al., 2008), such 

as glyceraldehyde 3-phosphate dehydrogenase (Ou et al., 2010), monoamine oxidase B (Ou 

et al., 2011; Ou et al., 2010) and Kruppel-like factor 11 (Lu et al., 2008; Ou et al., 2011) are 

altered by ethanol. It is likely that the analgesic effects of ethanol are mediated through an 

interaction among these proteins.

Kruppel-like factor 11 (KLF11), a diabetes-causing gene in humans, is a transcription factor 

which belongs to the Sp/KLF-family (Bonnefond et al., 2011; Fernandez-Zapico et al., 

2009; Garin et al., 2010). KLF11 has been shown to regulate genes involved in the 

metabolism of neurotransmitters, lipids, glucose and prostaglandins (Buttar et al., 2010; Cao 

et al., 2005; Ou et al., 2010). We have previously found that KLF11 mediates ethanol-

induced brain cell death (Lu et al., 2008; Ou et al., 2011; Ou et al., 2009). In addition, 

KLF11 is a transcriptional activator for the metabolic enzyme monoamine oxidase (MAO) 

(Grunewald et al., 2012; Ou et al., 2004). MAO exists as two iso-enzymes, MAO A and 

MAO B. MAO A preferentially oxidizes catecholamines and serotonin, whereas MAO B 

preferentially oxidizes dopamine. Studies have documented an involvement of these 

neurotransmitter systems in the regulation of pain (Zubieta et al., 2003). For instance, 
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increases in MAO A catecholamine metabolites have been proposed to be involved in pain 

perception and MAO A inhibitors have been shown to reduce pain perception (Dina et al., 

2008).

Moreover, diabetes is associated with a significant damage in the central nervous system and 

peripheral nervous system, such as loss of feeling or feeling pain (Bierhaus et al., 2004). 

Therefore, these studies, combined with our own reports showing that KLF11 gene 

activation is also induced by ethanol (Lu et al., 2008; Ou et al., 2011) and stress (Grunewald 

et al., 2012), have led us to hypothesize that KLF11 functions as a genetic modifier in the 

pain response induced by chronic ethanol exposure. In the current study, we directly test this 

hypothesis using our previously described Klf11-knockout (Klf11−/−) mouse model.

MATERIALS AND METHODS

Animals

Adult male Klf11 homozygous knockout (Klf-−/−) mice were generated from the University 

of Washington, Seattle following standard homologous recombination techniques 

(Bonnefond et al., 2011; Song et al., 2002). The knockout mice were originally produced in 

a mixed C57BL/6 background and subsequently transferred to the Mayo Animal Facilities 

where they were crossed for more than 20 generations into a pure C57BL/6 background. In 

all of the experiments, male Klf11−/− animals were compared with age-matched male wild 

type Klf11+/+ littermates.

Animal Care and Ethanol Feeding

All protocols for the animal experiments described in this study were carried out according 

to the Ethical Guidelines on Animal Experimentation and were approved by the Animal 

Usage Committee at the University of Mississippi Medical Center. Animals were housed in 

individual cages in a temperature- and humidity-controlled room with a 12:12-h light–dark 

cycle.

Forty male mice (20 wild type Klf11+/+ and 20 knockout Klf11−/− mice) were randomly 

assigned to ethanol or control groups (10 wild type and 10 knockout mice were fed ethanol-

liquid diets; 10 wild type and 10 knockout mice were fed control-liquid diets without 

ethanol). The liquid ethanol diet (Dyets Inc., Bethlehem, PA) contained increasing amounts 

of ethanol as follows: no ethanol (0%) for days 1–3, followed by 1.0% for days 4–6, 2.0% 

for days 7–9, 3.0% for days 10–12, 4.0% for days 11–13, 5.0% for days 14–16, and finally, 

6.4% for days 17–28. In the ethanol-fed groups, glucose was iso-calorically substituted with 

ethanol according to the Lieber–DeCarli diet formulae following the manufacturer’s 

instructions. The control groups were fed a glucose-liquid diet (without ethanol; #710027, 

Dyets) containing an equivalent amount of calories as in the ethanol diet (Ou et al., 2011).

The male mice were used in this study because the KLF11-targeted gene, MAO, has been 

shown more function in male mice than female mice (Brunner et al., 1993; Shih et al., 

1999). The blood ethanol concentration of each of the mice was measured with an 

EnzyChrom Ethanol Assay Kit (Bioassay Systems, Hayward, CA) (Ou et al., 2010). The 

ethanol concentrations measured in this study (less than 80 mM) were similar to previously 
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reported data (Jelic et al., 1998) and were within the physiological range observed in human 

alcoholics (Henriksen et al., 1997; Yao et al., 2001).

Tail-Flick Test

The analgesic effect of chronic ethanol exposure was determined using the tail-flick test. 

Mice were placed gently in a mouse restraint while the tail was placed directly under the 

radiant heat source of the apparatus (Columbus Instruments, Columbus, OH). The tail-flick 

response was elicited by applying a focused beam of radiant light to the dorsal surface of the 

tail, 1–1.5 cm from the tip. The latency of the tail-flick response was measured and defined 

as the time between the onset of the heat stimulus and voluntary tail withdrawal (Dai et al., 

2008). The intensity of the heat stimulus was adjusted to yield a baseline response of 3–4 s. 

A cutoff time of 10 s was used to avoid tissue injury (Dai et al., 2008). The tests were 

conducted blinded in this study.

Sacrifice

All mice, in both the ethanol-diet and control-diet groups, were killed by decapitation the 

following morning after 28 days/4-weeks of exposure to the diet. The brain prefrontal cortex 

(PFC) was immediately dissected, removed and stored at −80°C until used. The PFC was 

chosen in our studies because the KLF11 (TIEG2)-mediated cell death pathway has been 

reported to be activated in the PFC of rats exposed to ethanol-liquid diets for 4 weeks (Ou et 

al., 2011). In addition, chronic alcohol use in humans has been associated with reductions in 

PFC volume (Paul et al., 2008).

Western Blot Analyses

The PFC from each mouse was homogenized on ice with a 0.5 ml solution containing 1 mM 

EDTA, 10 mM Tris–HCL (pH 7) and fresh protease inhibitors (1× Protease Inhibitor 

Cocktail, Sigma). The resulting homogenate was briefly stored on dry ice for 10 min, and 

subsequently thawed and centrifuged at 4°C (2800–3000 rpm) for 10 min in a 

microcentrifuge. Protein concentrations of the homogenized samples were determined using 

the BCA Protein Assay Kit (PIERCE, Rockford, IL). Thirty micrograms of total PFC 

protein for each rat were separated on 10.5% SDS–poly-acrylamide gels and transferred to 

PVDF membranes (Johnson et al., 2011; Ou et al., 2011). The mouse anti-TIEG2/KLF11 

(1:500)) antibody (BD, Franklin Lakes, NJ) was used (Ou et al., 2011).

Quantitative Real-Time RT-PCR

Total RNA was isolated from the mouse PFC using TRIzol reagent (Invitrogen, Grand 

Island, NY; ~50 mg tissue/1 ml TRIzol) following the manufacturer’s instructions. The 

mRNA was then reverse-transcribed into cDNA using SuperScript® III Reverse 

Transcriptase (Invitrogen) (Ou et al., 2004; Ou et al., 2010). KLF11 mRNA levels for the 

ethanol-treated and untreated-control group of Klf11+/+ mice were analyzed using specific 

primers for the mouse KLF11 described: sense, 5′-

ACAAGAAGTTCGCAAGGTCAGATG-3′ and antisense, 5′-

CGAGCGTGCTTTGTCAGGTGGTCA-3′; for the mouse MAO A: sense, 5′-

CCGCTCCTTTTCCATGCCTCTCAA-3 and antisense, 5′-
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CCCTTGTACCGCCCCTTGACTGAA-3′; for the mouse MAO B: sense, 5′-

AATAAAGTTGAGCGGCTGATACAC-3′ and antisense, 5′-

GGCCCATCTCATCCATTGTCC-3′.

Real-time PCR was performed with a SYBR supermix kit, and the 18S Ribosomal RNA 

primer was used as an internal control to avoid sample variations. The values were 

calculated as described previously (Ou et al., 2004).

MAO A and MAO B Enzyme Activity Assay

The brain frontal cortex was homogenized in assay buffer (50 mM sodium phosphate 

buffer). Approximately 100 μg of frontal cortex protein was incubated with 100 μM [14C]5-

hydroxytryptamine (for MAO A) or 10 μM 14C-labeled phenylethylamine (for MAO B) 

(PerkinElmer Inc., Waltham, MA) in assay buffer at 37 °C for 20 min. The reaction was 

terminated by the addition of 100 μl of 6N HCl. The reaction product was then extracted 

with benzene/ethyl acetate (1:1) for MAO A or ethyl acetate/toluene (1:1) for MAO B. The 

organic phase containing the reaction product was extracted and mixed with liquid 

scintillation cocktail (Beckman Coulter, Inc., Danvers, MA). The radioactivity of the 

reaction product was quantified by liquid scintillation spectroscopy (Grunewald et al., 2012; 

Ou et al., 2010).

Statistical Analyses

One-way ANOVA followed by Tukey’s post hoc test was used for analysis of the 

nociceptive responses among four groups (ethanol-fed and control Klf11+/+ mice; and 

ethanol-fed and control Klf1−/− mice). The data are reported as mean ± SEM, and a value of 

p<0.05 was considered statistically significant.

RESULTS

Genetic Inactivation of KLF11 Abolishes the Ethanol-Induced Antinociceptive Response

Ethanol-induced antinociception was determined using the tail-flick test by measuring the 

time between the onset of the heat stimulus and voluntary tail withdrawal (Dai et al., 2008). 

The response to a thermal pain stimulus was expressed as the percentage of the maximum 

possible effect (% MPE), which was calculated as [(T1 − T0)/(T2 − T0)] × 100. T0 and T1 

were the tail-flick latencies before and after ethanol administration respectively, and T2 was 

the cutoff time (Dai et al., 2008). The test was conducted blinded and performed twice, 

before and after 4-weeks of ethanol exposure. Significant differences were found among the 

four test groups (F3, 36=12.97, p-value<0.0001). The percent of antinociception (%MPE) of 

wild type (Klf11+/+) mice fed with the control diet was 1.01%, indicating no significant 

change in their pain response. Conversely, the %MPE of wild type mice fed the ethanol diet 

was 16.12%, indicating their response to nociception was significantly reduced (by 16-fold) 

following ethanol exposure [Figure 1A, lanes 2 vs. 1; diff=−15.12, 95% CI (−22.29, 

−7.946); p<0.001]. The results demonstrate the well-known effect of ethanol in producing 

analgesia. However, the pain response latency, represented as %MPE, did not differ between 

the control and ethanol diet-fed Klf11−/− mice (Figure 1A, lanes 4 vs. 3), indicating a 

reduction in the antinociceptive effects of ethanol in the knockout mice. Moreover, the 
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baseline nociceptive responses (before chronic ethanol feeding) were the same among each 

of the groups as shown in the Figure 1B. Thus, these results suggest that KLF11 acts as a 

genetic modifier of the antinociceptive effects of chronic ethanol exposure.

Chronic Ethanol Intake Significantly Increases Both mRNA and Protein Levels of KLF11 in 
Wild Type Mice

We have previously reported that the mRNA and protein levels of KLF11 (TIEG2) were 

significantly increased in the prefrontal cortex of rats that were fed a chronic ethanol diet for 

4 weeks (Ou et al., 2011).Tthus, we determined whether the KLF11 levels were also 

elevated in the brain frontal cortex tissue from wild type Klf11+/+ mice.

KLF11 protein levels in wild type mice (Klf11+/+) were determined by Western blot analysis 

as shown in Figure 2. The results showed a significant increase in KLF11 in the prefrontal 

cortex of mice exposed to ethanol (Figure 2A). Statistical analysis of the western blotting 

using ANOVA revealed a significant difference among the four groups (F3, 36=77.53, p-

value<0.0001). Ethanol increased the average protein level of KLF11 by ~1.7-fold compared 

to control mice (Figure 2A, lanes 2 vs. 1; p<0.01). β-actin was used as a loading control. As 

shown in Figure 2A, β-actin levels were not affected by ethanol.

Similarly, KLF11 mRNA levels were determined by quantitative real-time RT-PCR (Figure 

2B). Analysis of mRNA levels using ANOVA showed a significant difference among the 

four groups (F3, 36=92.64, p-value<0.0001). Our results demonstrated that the level of 

KLF11 mRNA was increased by more than 2-fold in the ethanol-treated group compared to 

the untreated control group of Klf11+/+ mice (Figure 2B, lanes 2 vs. 1; p<0.001).

KLF11 levels in the knockout mice (Klf11−/−) were also determined. As shown in Figure 2, 

both protein and mRNA levels of KLF11 in Klf11−/− mice could not be detected. (Figure 2, 

A and B, lanes 3 and 4 vs. lanes 1 and 2).

These results indicate that KLF11 is directly involved in modifying the pain response to 

ethanol. The role of KLF11 in ethanol-induce antinociception warrants further investigation, 

particularly for pain management of patients with a mutation in this transcription factor gene 

(Neve et al., 2005).

Chronic Ethanol Intake Alters Monoamine Oxidase Activity in the Prefrontal Cortex

KLF11 is a transcriptional activator for the neurotransmitter enzymes, MAO A (Grunewald 

et al., 2012) and MAO B (Ou et al., 2004). Although both KLF11 and MAO B levels have 

been found to be significantly increased in the brains of rats fed a chronic ethanol diet (Ou et 

al., 2011), the activity of these enzymes had not been tested in this mouse model. Therefore, 

we determined MAO enzymatic activity and mRNA levels in both wild type and knockout 

mice with or without chronic ethanol exposure.

The results showed that the mRNA levels of MAO A were significantly increased in mice 

exposed to chronic ethanol in both Klf11+/+ (Figure 3Aa, lanes 3 vs. 1; p<0.02) and Klf11−/− 

mice (Figure 3Aa, lanes 4 vs, 2; p<0.02). However, MAO A enzyme activity was not 

increased in Klf11+/+ mice exposed to ethanol (Figure 3Ab). Interestingly, MAO A activity 
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was slightly increase in the ethanol-exposed Klf11−/− mice compared to control Klf11−/− 

mice (Figure 3Ab, lanes 4 vs. 2; p<0.07).

MAO B mRNA levels were also significantly increased in mice exposed to chronic ethanol 

in both Klf11+/+ (Figure 3Ba, lanes 3 vs, 1; p<0.02) and Klf11−/− mice (Figure 3Bb, lanes 4 

vs, 2; p<0.05). Furthermore, MAO B enzyme activity was significantly increased in Klf11+/+ 

mice exposed to chronic ethanol (Figure 3Bb, lanes 3 vs, 1; p<0.02) as compared to control 

Klf11+/+ mice. However, unlike the effects of chronic ethanol on MAO A activity in 

Klf11−/− mice, MAO B activity in Klf11−/− mice fed a chronic ethanol diet did not differ 

from that of control Klf11−/− mice (Figure 3Bb, lanes 4 vs, 2). These results suggest that 

MAO B may play a role in ethanol-induced antinociception in the Klf11+/+ mice; whereas 

MAO A may contribute to the pain response in Klf11−/− mice chronically exposed to 

ethanol.

DISCUSSION

KLF11, a gene mutated in both juvenile and neonatal diabetes, has been reported to regulate 

genes with various functions, including the MAO genes responsible for the metabolism of 

neurotransmitters (Grunewald et al., 2012; Ou et al., 2004) and the dopamine D2 receptors 

gene (Seo et al., 2012). Moreover, KLF11 has also been found to mediate ethanol-induced 

neurotoxicity, leading to cell death in cell culture systems (Lu et al., 2008; Ou et al., 2011). 

However, the role of KLF11 in ethanol-induced antinociception remains unknown. 

Addressing this question is important, given that diabetes is associated with alterations in 

pain perception. Thus, chronic ethanol consumption could further compromise pain 

perception in patients who already suffer from impairments in this response due to diabetes. 

The current study sought to explore the modulatory effects of ethanol on the nociceptive 

response in mice with the KLF11 wild type or knockout gene. We first determined the 

antinociceptive effects of ethanol to thermal pain using the tail-flick test. Our data showed a 

significant difference in the wild type (Klf11+/+) mice fed the ethanol diets versus control 

diets. Chronic ethanol intake significantly increased the pain tolerance in wild type mice, 

consistent with many published observations (Campbell et al., 2007; Ikeda et al., 2002). 

Interestingly, chronic ethanol exposure did not abolish the pain response in Klf11-knockout 

(Klf11−/−) group when comparing to those fed a control diet. Moreover, this effect could not 

be explained by difference in body weight as a result of ethanol exposure because the 

Klf11−/− and Klf11+/+mice fed the chronic ethanol diet had similar reductions in body 

weight (data not shown). This is the first study to show that KLF11 may play an important 

role in ethanol-induced antinociception.

Subsequently, we investigated whether the KLF11-targeted MAO enzymes were altered 

given that monoamine neurotransmitter systems are involved in the regulation of nociceptive 

responses (Mathiesen et al., 2006; von Knorring et al., 1986; Zubieta et al., 2003). We found 

that chronic ethanol consumption slightly increased MAO A enzyme activity in Klf11−/− 

mice compared to control Klf11−/− mice.In contrast, MAO B enzyme activity in Klf1+/+ 

mice fed chronic ethanol was significantly increased compared to control Klf1+/+ mice. 

These data suggest that MAO B may play a role in ethanol-induced antinociception in wild 

type (Klf11+/+) mice and possibly contribute to ethanol abuse and addiction, whereas MAO 
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A may be more involved in the pain response in knockout (Klf11−/−) mice exposed to 

chronic ethanol intake.

It is important to discuss potential molecular mechanisms underlying KLF11-mediated 

antinociception in our current mouse model. KLF11 is an activator for chronic ethanol-

induced MAO B (Ou et al., 2011) and in our current study, ethanol also significantly 

increased MAO B activity in wild-type (Klf11+/+) mice, but not knockout mice (Klf11−/−). 

Therefore, the Klf11+/+ mice may have lower levels of dopamine due to the increase in 

MAO B activity which could potentially activate the opioid system as a compensatory 

response (George and Kertesz, 1985; George and Kertesz, 1987; Zubieta et al., 2003) and 

contribute to the antinociceptive effect of ethanol. On the other hand, the Klf11−/− mice may 

have higher levels of dopamine due to the decrease in MAO B activity, which could decrease 

the activity of opioid system and subsequently lead to a reduction in ethanol-induced 

antinociception (George and Kertesz, 1986; Zubieta et al., 2003).

Chronic ethanol intake led to a slight increase in MAO A activity in Klf11−/− mice compared 

to Klf11+/+. Therefore, the increase in MAO A activity in Klf11−/− mice may play a role in 

the reduced antinociceptive effects of chronic ethanol exposure in Klf11−/− mice due to the 

increase in the production of the MAO A catecholamine metabolite 3,4-

dihydroxyphenylglycolaldehyde (DOPEGAL) (Dina et al., 2008). DOPEGAL has been 

reported to produce hyperalgesia in a rat model given a short-term ethanol diet exposure and 

subsequent withdrawal (4-day fed/3-day off) (Dina et al., 2008). Since KLF11 has recently 

been reported to activate the expression of MAO A (Grunewald et al., 2012), the mechanism 

responsible for the slightly increase in MAO A activation in chronic ethanol-fed Klf11−/− 

mice in the current study needs to be further investigated. Nevertheless, other MAO A-

transcriptional factors may also play a role in the chronic ethanol-induced increase in MAO 

A gene expression.

Another biochemical pathway that may also contribute to KLF11 modulation of the 

antinociceptive effects of ethanol is the prostaglandin E2 biosynthesis pathway. KLF11 has 

been reported to inhibit prostaglandin E2 synthesis (Buttar et al., 2010) and this pathway is 

involved in a broad range of physiological responses, including pain sensitivity. The 

Klf11−/− mice may have altered prostaglandin E2 biosynthetic activity, which may also 

contribute to the abolished antinociceptive effect in chronic ethanol-exposed Klf11−/− mice.

Additionally, it is possible that KLF11 assists the development of diabetes-associated 

damage to the peripheral system given that KLF11 is a transcriptional activator for MAO A 

and MAO B which are also expressed in the peripheral nervous system. Consequently, the 

diabetic risk gene, KLF11, may also be involved in diabetes associated peripheral 

neuropathy through the increased production of neurotransmitter metabolites of MAO, such 

as DOPEGAL. For example, alterations in KLF11 associated with diabetes may play a role 

in the damage to the peripheral nervous system by MAO leading to the sensation of 

numbness (loss of pain perception) or increased pain found in distal extremities. Based on 

our current results, it appears that MAO B may be more involved in the antinociceptive 

effects of ethanol whereas MAO A may be more involved in pain perception. However, this 

speculation requires further investigation.
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In summary, we investigated the role of KLF11 in ethanol-induced antinociception using a 

KLF11-knockout (Klf11−/−) mouse model in which the mice were given a liquid diet with or 

without ethanol for 28 days. The antinociceptive effect of ethanol was significantly 

increased in wild type (Klf11+/+) mice. In contrast, chronic ethanol consumption did not 

produce the expected antinociceptive effect in the KLF11-knockout (Klf11−/−) mice. 

Furthermore, chronic ethanol exposure led to differential effects in KLF11-targeted MAO 

enzyme activities in Klf11 wild-type versus Klf11 knockout mice. Chronic ethanol intake 

slightly increased MAO A enzyme activity in Klf11−/− mice, but significantly increased 

MAO B enzyme activity in Klf1+/+ mice. This suggests that MAO A contributes more to the 

nociceptive response in Klf11−/− mice, but MAO B contributes more to alcohol-induced 

antinociception in Klf11+/+ mice. Therefore, KLF11 may play a key role in regulating 

ethanol-induced antinociceptive reponse and may serve as a novel target in further 

understanding the pain control system in alcohol abuse and addiction.
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Figure 1. 
Effects of chronic ethanol intake on antinociceptive response (anti-pain effect) in the wild 

type (Klf11+/+) and KLF11 knockout (Klf11−/−) mice. Mice were fed an ethanol diet or 

control diet for 28 days. (A) Antinociceptive effects were determined in ethanol-fed and 

control-fed Klf11+/+ mice (lanes 2 vs. 1) as well as ethanol-fed and control-fed Klf1−/− mice 

(lanes 4 vs. 3) by the tail-flick test. The antinociceptive effects are expressed as a percentage 

of the maximum possible antinociceptive effect (% MPE). (B) The base line of the 

antinociceptive response was also determined in four groups of Klf11+/+ and Klf11−/− mice 

before chronic ethanol exposure. Data represent the mean ± SEM of 10 mice (n = 10) in 

each group. * p<0.0001 and **p<0.001
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Figure 2. 
Effects of chronic ethanol intake on the expression of KLF11 in the brain prefrontal cortex 

of wild type (Klf11+/+) and knockout (Klf11−/−) mice. Mice were fed an ethanol diet or 

control diet for 28 days. (A) The protein levels of KLF11 in the prefrontal cortex were 

examined by Western blotting. The quantitative analysis of western blot result is shown on 

the top. Each KLF11 protein band was evaluated by the relative intensity (relative optical 

density × pixel area) of its autoradiographic band and normalized to the density of β-actin. 

The graph of the average optical density of KLF11/actin for the individual animals (open 

circles or open squares) and mean values (horizontal lines) are shown with 10 mice (n = 10) 

for each the control group (open circles) and the ethanol-fed group (open squares). The 

representative western blots (bottom) show the immunolabelling of KLF11 in the prefrontal 

cortex of 2 untreated Klf11+/+ controls, 2 ethanol-treated Klf11+/+, 2 untreated Klf1−/− 

controls and 2 ethanol-treated Klf11−/− mice. The anti-β-actin antibody was used as the 

loading controls. (B) The mRNA levels of KLF11 in the prefrontal cortex were determined 

by quantitative real-time RT-PCR. Data represent the mean ± SEM of 10 mice (n = 10) in 

each group. * p<0.0001, **p<0.001 and ***p<0.01
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Figure 3. 
Effects of chronic ethanol intake on the expression of monoamine oxidase (MAO) in the 

brain prefrontal cortex of wild type (Klf11+/+) and knockout (Klf11−/−) mice. Mice were fed 

an ethanol diet or control diet for 28 days. (A) The mRNA (a) and enzyme activity (b) of 

MAO A and (B) the mRNA (a) and enzyme activity (b) of MAO B in the prefrontal cortex 

were examined by Real-time RT-PCR and catalytic activity assays, respectively. Data 

represent the mean ± SEM of 10 mice (n = 10) in each group. Aa, p<0.02 (lanes 3 vs. 1 and 

lanes 4 vs. 2); Ab, p<0.07 (lanes 4 vs. 2); Ba, p<0.02 (lanes 3 vs. 1) and p<0.05 (lanes 4 vs. 

2); Bb, p<0.02 (lanes 3 vs. 1)
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