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Abstract

Chronic alcohol consumption is a leading cause of chronic liver disease worldwide, leading to

cirrhosis and hepatocellular carcinoma. currently, the most widely used model for alcoholic liver

injury is ad libitum feeding with the Lieber-DeCarli liquid diet containing ethanol for 4–6 weeks;

however, this model, without the addition of a secondary insult, only induces mild steatosis, slight

elevation of serum alanine transaminase (alt) and little or no inflammation. Here we describe a

simple mouse model of alcoholic liver injury by chronic ethanol feeding (10-d ad libitum oral

feeding with the Lieber-DeCarli ethanol liquid diet) plus a single binge ethanol feeding. this

protocol for chronic-plus-single-binge ethanol feeding synergistically induces liver injury,

inflammation and fatty liver, which mimics acute-on-chronic alcoholic liver injury in patients. this

feeding protocol can also be extended to chronic feeding for longer periods of time up to 8 weeks

plus single or multiple binges. chronic-binge ethanol feeding leads to high blood alcohol levels;

thus, this simple model will be very useful for the study of alcoholic liver disease (ALD) and of

other organs damaged by alcohol consumption.

INTRODUCTION

The NIAAA model

ALD, a major cause of morbidity and mortality worldwide, includes a broad spectrum of

disorders, ranging from simple steatosis to severe forms of liver injury such as

steatohepatitis, cirrhosis and hepatocellular carcinoma1–5. Almost all heavy drinkers develop

fatty liver, but only 20–40% of them develop more severe forms of ALD, and the underlying

mechanisms that contribute to disease progression remain largely unknown. Several risk

factors for advancement to ALD have been suggested, including sex, obesity, dietary

factors, non-sex-linked genetic factors, drinking patterns and smoking1–5. Among these risk

factors, one’s drinking pattern has been shown to markedly affect alcoholic liver injury and

cause damage to other organs6–8. However, how a drinking pattern affects the progression of

ALD, and the underlying mechanisms remain unknown. Recently, we have developed a

chronic-plus-binge alcohol feeding model in mice9, which is similar to the drinking pattern

in many alcoholic hepatitis patients who have a background of chronic drinking for many

years (chronic) and a history of recent excessive alcohol consumption (binge)10–12. Such
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chronic-plus-binge ethanol feeding synergistically induced steatosis, liver injury and

inflammation in mice9. Other laboratories have also used the chronic-plus-binge ethanol

feeding model, with modifications, in mice and rats, and produced marked increases in

steatosis and liver injury13,14. Because chronic feeding plus a single binge ethanol feeding

can achieve markedly higher blood alcohol levels compared with chronic or binge feeding

alone9, the protocol described here will be very useful not only for the study of ALD

pathogenesis but also for the study of alcohol-related damage to other organs, such as the

pancreas, heart, kidney, lung and CNS.

Comparison with human ALD and other animal models

Patients with mild and early ALD (such as simple steatosis and mild steatohepatitis) usually

have no obvious clinical symptoms. Serum tests and liver histology analyses often reveal

elevation of ALT and aspartate transaminase (AST), existence of steatosis, ballooning of

hepatocytes, neutrophilic infiltration and Mallory-Denk hyaline inclusions in the liver.

Severe forms of alcoholic hepatitis and ALD are associated with elevation of serum ALT

and AST, abdominal pain and tenderness, fatigue, jaundice and so on.

Table 1 lists several models that have been used to study alcoholic liver injury in mice,

which represent mild and early stages of human ALD. Among them, the model of ad libitum

feeding with the Lieber-DeCarli diet containing ethanol for 4 weeks has been widely used

by many laboratories15–20. However, this model only induces mild steatosis and slight

elevation of serum ALT, with little or no liver inflammation15–20. Stepwise feeding with the

Lieber-DeCarli ethanol diet up to 12 weeks has been shown to induce remarkable fatty liver

but only mild elevation of serum ALT21. The Tsukamoto-French model induces severe

steatosis, mild liver inflammation and mild fibrosis through continuous intragastric

feeding22–25. Although this model is very useful for the study of ALD pathogenesis, it has

limited use owing to its technical difficulty, and its requirement for intensive medical care

and expensive equipment.

Acute gavage of a single dose or multiple doses of ethanol has also been used, but only

induces hepatic steatosis and slight elevation of serum ALT and AST20,26–29.

Administration of various concentrations of ethanol in drinking water given as the only

water source for longer-term periods has been shown to cause many immune

abnormalities30,31 and mild steatosis, but has little effects on serum ALT and AST and liver

inflammation32,33 (N. Horiguchi and B.G., unpublished data). This ad libitum drinking

model alone has not been widely used to study the pathogenesis of ALD, but it has been

combined with secondary insults to study alcoholic fibrosis and cancer34,35.

The chronic-binge ethanol feeding model described here is cost and time efficient in

addition to being very easy to perform. We have demonstrated that feeding mice ad libitum

with a Lieber-DeCarli ethanol diet for 10 d followed by gavage of a single dose of ethanol (5

g kg−1) resulted in substantial elevation of serum ALT and AST levels, with the peak levels

9 h post gavage in C57BL/6 mice9, which are much higher than those from mice with ad

libitum chronic feeding alone15–20. In addition, this chronic-plus-binge ethanol feeding also

closely reproduces the drinking behaviors and acute-on-chronic liver injury in patients with

ALD who are often chronic and binge drinkers10–12.

The chronic-binge ethanol feeding model has also been extended to chronic feeding for

longer periods of time plus multiple binges. For example, we have examined chronic ad

libitum feeding (4–6 weeks) plus multiple binges (twice a week during the 4–6 week

feeding) in 8- to 10-week-old male C57BL/6 mice. This feeding protocol resulted in

extensive steatosis, but, surprisingly, we found that serum ALT and AST levels were only

slightly elevated (see Anticipated Results) and we observed no obvious liver fibrosis (H.W.,
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unpublished data). The reason why chronic plus multiple binges of ethanol feeding induced

lower levels of serum ALT and AST than chronic feeding plus a single binge is not known.

In general, serum ALT and AST levels reflect acute liver injury and are usually lower in

chronic liver injury than in acute liver injury. This may be why chronic feeding plus

multiple binges (multiple binges are considered to be chronic) resulted in lower serum ALT

and AST compared with chronic feeding plus a single binge (a single binge is considered to

be acute). Recently, Petrasek et al.14 fed mice with an ethanol diet for 4 weeks, followed by

three binges during the last 3 d of feeding, which resulted in extensive steatosis and

elevation of serum ALT, but was also associated with an increased mortality rate.

Experimental design

A basic overview of the experimental design routinely used in our laboratory is outlined in

Figure 1.

Strains of mice—The C57BL/6 mice are an alcohol-preferring strain and generally the

best strain to use for ad libitum ethanol feeding. Many other strains, including BALB/c and

DBA, either resist eating the diet with sufficiently high ethanol concentrations to induce

damage or are so adversely affected by the 5% alcohol-containing diet that they lose weight

and have a high mortality rate before completion of the study36. In our laboratory, when

investigating genetically modified mice that are not on a C57BL/6 background, we usually

backcross them into the C57BL/6N background for six generations and subsequently breed

the heterozygous mice to produce knockout mice and littermate wild-type control mice, or

backcross them into the C57BL/6N background for nine or more generations and

subsequently breed the homozygous mice to produce knockout mice and use C57BL/6N

mice as controls.

Age of mice—Eight- to ten-week-old male mice with body weight more than 20 g or 10-

to 12-week-old female mice with body weight more than 19 g are used for the chronic-binge

feeding experiments. Younger and lighter mice frequently develop weight loss and

hypothermia, resulting in an increased mortality rate. Older mice can be used but are more

expensive.

MATERIALS

REAGENTS

• Mice  Animal studies must conform to all relevant ethics and animal

welfare regulations and must be reviewed and approved by the appropriate

governmental and institutional animal care and use committees.  It is

important to note that C57BL/6 mice are generally the best strain for ad libitum

ethanol feeding. Other strains may require lengthy acclimatization to the ethanol-

containing diet to ensure adequate intake of a 5% (vol/vol) ethanol-containing diet,

or may not be able to tolerate the adverse effects of the ethanol-containing diet and

have a high mortality rate before completion of the study.  For

experiments, we recommend using male mice 8–10 weeks of age or older and

female mice 10–12 weeks of age or older, weighing at least 20 and 19 g,

respectively. Younger and lighter mice may have an increased mortality rate.

• Kits for serum ALT, AST, triglyceride or cholesterol (Butler Schein Animal Health

Supply: ALT, cat. no. 033257; AST, cat. no. 033259; triglyceride cat. no. 033275;

cholesterol cat. no. 033262)

• Isoflurane
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• Formalin, 10% (wt/vol) formalin, buffered (Fisher Scientific, cat. no. SF 100-20)

• Liquid nitrogen

Diet supplies

• Lieber-DeCarli ‘82 Shake and Pour control liquid diet (Bio-Serv, product no.

F1259SP; see Reagent Setup)

• Lieber-DeCarli ‘82 Shake and Pour ethanol liquid diet (Bio-Serv, product no.

F1258SP; see Reagent Setup). The caloric profile of these diets is described in

Table 2.  These Lieber-DeCarli liquid diets are high in monounsaturated

fat and low in carbohydrate (see information from Bio-Serv website). Alternatively,

low-fat, high–polyunsaturated fat or high–saturated fat Lieber-DeCarli diets

(Dyets) can also be used to study the effects of dietary fat on ALD37,38.

• Maltose dextrin (BioServ, 10DE, food grade no. 3585)

• Ethanol, 100% or 95% (vol/vol; Fisher, cat. no. 04-355-451)

• Potable tap water

EQUIPMENT

• A Catalyst Dx chemistry analyzer (IDEXX laboratories) for the measurement of

serum ALT, AST, triglyceride and cholesterol. Many other biochemical analyzers

can also be used. Alternatively, the mouse sera can be sent to a clinical diagnostic

lab to measure ALT, AST, triglyceride and cholesterol.

• Diet storage refrigerator

• Recirculating water-heating pads with pump (Braintree Scientific)

Diet supplies

• Scale

• Commercial food blender

• Liquid diet feeding tubes with caps, 50 ml (Bio-Serv, product no. 9019)

• Storage bottles

• Graduated cylinder (1 liter)

• Serological pipettes and pipette aid, 50 ml

• Modified mouse cages with a hole at the bottom of the front side, homemade steel

wire hooks and rubber bands; see Figure 2 for photos or regular mouse cages and

feeding-tube holders (Bio-Serv, product no. 9015)

Gavage supplies

• Gavage needle with ball tip. Gauge size and needle length should be determined

based on the size and weight of animals. For example, 15–20 g mice: 22-gauge (1–

1.5 inches); 20–25 g mice: 20-gauge (1–1.5 inches); 25–30 g mice: 18-gauge (1.5–

2 inches).

• Syringe (1 ml)
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REAGENT SETUP

Control liquid diet—To prepare 1,000 ml of control liquid diet, weigh 225 g of dry mix

(Bio-Serv, Product F1259SP). Measure 860 ml of potable tap water. Add the dry mix and

tap water into a blender and mix it thoroughly. The final volume should be 1,000 ml.

Refrigerate the prepared control liquid diet and use it within 3 d.

Ethanol liquid diet (1–5%, vol/vol)—To prepare 1,000 ml of ethanol liquid diet, add to

a blender 133 g of dry mix (Bio-Serv, Product F1258SP) and different amounts of maltose

dextrin and a different volume of water to the diet on the basis of the percentage of ethanol

required (Table 3). Blend the mixture thoroughly. Refrigerate the prepared liquid diet

without ethanol and use it within 3 d. Add a different volume of 95% ethanol immediately

before feeding. Table 3 describes the directions for preparing 1,000 ml of diet. You can

adjust proportionally the weight of the dry mix and maltose dextrin, as well as the volume of

water and 95% ethanol, to prepare the amount of diet you need. A 1–4% ethanol (vol/vol)

liquid diet is only required for mice that are not on a C57BL/6 background. The calories

from ethanol plus maltose dextrin must be 355 kcal l−1 or 35.5% of total kilocalories.

 Add 95% ethanol (see volume in Table 3) immediately before administering the

mixture to mice. Mix it thoroughly. Prepare the fresh ethanol liquid diet daily. 

One hundred percent ethanol absorbs water from air, so 95% ethanol (vol/vol) solution

should be prepared immediately after opening a new bottle of 100% ethanol.

Ethanol gavage solution (5 g ethanol per kg of body weight)—Prepare a 31.5%

(vol/vol) ethanol solution (0.25 g ml−1 ethanol) by mixing 6.6 ml of 95% ethanol with 13.4

ml of water.  This solution must be prepared just before administration to avoid

changes in concentration resulting from evaporation.

Maltose gavage solution (9 g of maltose dextrin per kg of body weight)—

Prepare a 45% (wt/vol) maltose dextrin solution by dissolving 9 g of maltose dextrin in a

final volume of 20 ml of water.  We do not filter the solution. Bacterial or fungal

contamination may develop even if the solution is stored at 4 °C for a few days. Therefore,

the maltose solution should be prepared just before use.

PROCEDURE

Experimental setup  5 min per mouse

1 Determine the total number of mice (minimally six to eight mice per group) to

be used. Identify and weigh ethanol-fed and pair-fed animals.

2 Prepare an adequate number of newly bedded cages, feeding tubes, caps and

rubber bands with hooks or tube holders. One or two mice are housed per cage.

stage 1: acclimatization to tube feeding with control liquid diet  5 d

3 Prepare the control liquid diet (Reagent Setup).

4 Fill the number of feeding tubes needed with the control liquid diet: 30 ml for

one mouse and 50 ml for two mice. By using a gloved hand, place your thumb

over the hole in the mouth of the tube while filling it in order to prevent the diet

from flowing out of the tube. Tightly cap the feeding tubes.

5 Place the feeding tubes containing control liquid diet in cages. Do not add any

additional diet or drinking water. We use Modified mouse cages with a hole in

the front of the cage, which makes it very easy to change the feeding tubes from

outside the cage without having to remove the cage from its holding rack (Fig.
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2a,b). Alternatively, commercially available tube holders can be used, but they

require removing the cage from its holding rack and opening the cage to remove

the used feeder and replace it with a fresh feeder (Fig. 2c,d).

 The liquid diet is the only source of food and water; no additional diet and

drinking water are needed.

6 Transfer the mice into the cages with feeding tubes. (We usually house one or

two mice per cage.)

7 Label the cage card with the study group (pair-fed, ethanol-fed) and the date on

which feeding was started.

8 Change the control liquid diet and feeding tubes daily for the next 4 d to adapt

the mice to liquid diet feeding (a total of 5 d of control diet).

 For C57BL/6 mice or genetically modified mice on a C57BL/6 background,

it is OK to directly switch from control liquid diet (stage 1) to 5% (vol/vol) ethanol liquid

diet (stage 2) on day 6. For other strains of mice, a gradual increase in ethanol

concentrations from 1% to 4% (vol/vol) from day 2 to day 5 during the acclimatization stage

(stage 1) may be required. In this situation, control groups must be pair-fed with control diet

throughout.

 Steps 5–8 can be performed at any time for control diet during the day, but

we prefer to do it (set up and change the ethanol diet) in the late afternoon closer to the onset

of the dark period of the diurnal cycle. This ensures that the animals have fresh diet

available at the beginning of their maximal food intake period (i.e., lights-out portion of

their diurnal cycle). Replacement of the diet earlier in the day will result in increased soiling

of the feeding tube and may allow some evaporation of ethanol from the liquid diet right at

the mouth of the feeding tube.

 During the feeding, the cages should be checked twice (early morning and

late afternoon) every day to ensure that the mouths of the feeding tubes are not clogged or

leaking diet.

Stage 2: chronic administration of ethanol and pair feeding  10 d

9 Prepare 5% (vol/vol) ethanol and control liquid diet (Reagent Setup).

10 Fill the number of feeding tubes needed with 5% (vol/vol) ethanol liquid diet—

25 ml for one mouse and 40 ml for two mice—and an appropriate volume of

control diet. Use a gloved hand to place your thumb over the hole in the mouth

of the tube while filling, in order to prevent the diet from flowing out of the

tube. Tightly cap the feeding tubes.

11 Place the feeding tubes with liquid diets in cages. Do not add any additional

food or drinking water. Ensure that the feeder is positioned in the cage in a

manner that ensures that the ‘nose’ of the feeder does not tip such that the

animals cannot access the diet, especially in the pair-fed groups, which have

limited liquid diets.

12 Change the feeding tubes with 5% (vol/vol) ethanol or control liquid diets in the

late afternoon (between 3:00 and 5:00 pm) on day 6.

 See discussion on timing of feeding in Step 8 above.
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 The liquid diet is the only source of food and water; no additional diet and

drinking water are needed.

13 Record the food intake of the ethanol-fed mice and calculate the average daily

volume per mouse. Use the calculated volume to adjust the amount of control

liquid diet given to pair-fed mice so that ethanol- and pair-fed mice consume

equal amounts of diet. The volume of control diets for the first-day pair feeding

is based on the pilot experiments or previous experiments. For C57BL/6 mice,

we usually give 10 ml of control diet per mouse.

 Because mice consume less ethanol diet than control diet, it is very important

to make sure that the control diet is pair-fed (limited) with the same amount of food

consumed by ethanol-fed mice.

14 Continue to change the feeding tubes and give fresh 5% (vol/vol) ethanol and

control liquid diets in the afternoon for the next 9 d (total 10 d), monitoring the

food intake of ethanol diets and adjusting the volume of control diets

accordingly each day.

 During the feeding, the cages should be checked twice (early morning and

late afternoon) every day to ensure that the mouths of the feeding tubes are not clogged or

leaking diet.

 To prevent the mouse from escaping, manage feeding practices to ensure that

cages with perforations are not left without feeders in position.

Stage 3: acute administration of ethanol by oral gavage  9 h

15 On day 11, prepare ethanol and maltose solutions (Reagent Setup) in the

morning just before administration between 7:00 am and 9:00 am.

 Gavage in the early morning is crucial. Mice consume foods and ethanol at

night, and thus blood alcohol levels are high in the early morning. An additional gavage of

ethanol results in further elevation of blood alcohol levels, which induces substantial liver

injury (elevation of serum ALT and AST).

 The gavage procedure must only be performed by properly trained personnel.

16 Select a gavage needle of appropriate length. This can be determined by

measuring the needle against the animal’s body (Fig. 3a). The maximal length

should not exceed the distance between the corner of the mouth and the last rib

(which is a rough estimate of the stomach’s position).

17 Draw the appropriate volume of ethanol or maltose gavage solution into a 1-ml

syringe while it is attached to the gavage needle.

 The volumes to be administered should not be more than 2 ml per 100 g

body weight for an aqueous solution. The concentration of ethanol solution for the gavage

should not be more than 31.5% (vol/vol) ethanol.

 The gavage volume (μl) of 31.5% (vol/vol) ethanol solution for each mouse

= mouse body weight in grams × 20; the gavage volume (μl) of 45.0% (wt/vol) maltose

dextrin solution for each mouse = mouse body weight in grams × 20.
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 The swallowing reflex must be intact for gavage. Anesthesia is not used.

18 Restrain the mice in a vertical position by tightly pulling up the loose skin on the

back or side of the neck so that the spine is fully straight and the head is

extended, resulting in a straight vertical alignment of the esophagus (Fig. 3b,c).

19 Carefully put the gavage needle into the mouth between the incisors and molars.

With the bulb in the mouse mouth, the needle should be softly passed along the

roof of the mouth while the head is held in moderate extension.

20 Gently extend the head and neck back using the needle as a lever to position the

neck and esophagus in a straight line.

21 Move the gavage needle smoothly along the upper palate into the esophagus.

The mouse usually swallows as the feeding needle approaches the pharynx,

facilitating entry into the esophagus.

22 Once the gavage needle is properly positioned, administer the solution.

23 After administration, remove the needle gently by following the same angle as

insertion.

24 Return the animal to the original cage with the liquid diets (control or ethanol

diet), place the cage on a heating pad and monitor the mouse for any sign of

labored breathing or respiratory distress (aspiration of fluid into the lungs). Any

animal with signs of obvious distress after gavage should be promptly

euthanized by using standard CO2 inhalation.

 Provide thermal support to minimize loss of body heat. Keep the cages on a

heating pad with circulating water maintained at 38 °C to avoid hypothermia.

25 Continue to monitor the mice during recovery. Mice gavaged with ethanol will

show signs of inebriation such as staggering gait and ataxia within a few

minutes, followed by sedation and loss of consciousness. They usually wake up

in the early afternoon. Some mice regain normal behavior in the afternoon but

some of them are still slow moving at the time of euthanasia. Mice from neither

the pair- nor ethanol-fed groups consume much diet within 9 h after gavage: the

ethanol-fed mice usually consume less than 1 ml of liquid diet owing to loss of

consciousness, and there is not a substantial amount of control diet remaining

for consumption by the pair-fed mice.

26 Nine hours after gavage, deeply anesthetize the mice with isoflurane, and collect

the blood from the orbital sinus by traumatic avulsion of the globe from the orbit

with a pair of tissue forceps. While they are still under general anesthesia, kill

the mice by cervical dislocation.

 Timing of blood collection is very important: serum ALT and AST levels

reach a peak at 9 h after gavage, and they return to basal levels 24 h after gavage9.

27 Collect the serum. Measure ALT, AST, triglyceride and cholesterol by using

biochemical kits (Butler Schein Animal Health Supply) and a catalyst Dx

chemistry analyzer (IDEXX laboratories).

 Because serum levels of ALT in this model are usually lower than 500 IU

l−1, the serum should be used directly for the measurement without dilution.
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28 Collect and weigh liver tissues. Cut two slices in the middle of the left lobe and

one slice in the medial lobe, and fix them in 10% (wt/vol) formalin for at least

48 h before processing. Quickly freeze the remaining liver tissues in liquid

nitrogen and store them at −80 °C for further analyses9, including Oil Red O

staining of frozen sections for steatosis evaluation, RNA extraction for real-time

PCR analyses, lipid extraction for measurement of hepatic triglyceride and

cholesterol and protein extraction for western blot analyses.

Steps 8 and 14: changing the feeding tubes

Occasionally, a feeder will develop a small chip or crack near the top, which will allow air

under the cap and result in leakage of the liquid diet and soiling of the cage. Do not use a

feeder that has chips or cracks on the upper lip where it seals against the lid, and do not use

any lids that are cracked and may not make a good seal against the glass feeder. Rarely, the

feeder may become so clogged with bedding that the animals will not try to consume their

diet. The cages should be checked several times daily, and any crusts over or clogs of the

feeding hole should be removed. If you are using an internal tube holder, place the tube as

high off the bedding as possible in order to reduce the amount of bedding that gets kicked

into the feeder. You can also reduce the amount of bedding to prevent the bedding from

getting into the feeder’s opening.

Step 13: pair feeding

If the control diet–fed mice gain more body weight than the ethanol-fed mice, please make

sure that the control diet is limited (pair-fed) with the same amount of food consumed by

ethanol-fed mice.

Step 21: oral gavage

There are several common trouble areas with the gavage procedure:

• Difficulty in getting the gavage needle to pass into the esophagus. The gavage

needle needs to be behind the base of the tongue near the center of the back of the

mouth. If you get over to the side of the back of the mouth, the animal can get the

gavage needle in its teeth and prevent you from being able to pass it down the

mouse esophagus. Watch for the swallowing reflex; it will move the tongue

forward and the gavage needle will almost ‘fall’ down the esophagus with little or

no pressure.

• Liquid entering the trachea instead of the esophagus. Again, this is generally

avoided by waiting until the animal swallows to gently push or let the gavage

needle ‘fall’ down the esophagus. If the needle is in the trachea, the hub of the

gavage needle will not go in as far, and the needle hub will be farther from the

animal’s nose than when the needle is in its stomach. Before administering the

gavage liquid, you should put gentle traction back on the syringe plunger. If you

get several bubbles of air, you are inserting the needle in the trachea and should

remove the gavage needle and start over.

• Pushing the gavage needle too hard and penetrating the back of the mouth, the

trachea or the esophagus. If you are using a gavage needle of the proper size, it will

require little, if any, force to make the gavage needle descend down the esophagus

and into the stomach.
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• Aspiration of the gavage liquid. This will occur if you administer the gavage liquid

in the trachea instead of the esophagus, and it may happen if you administer the

gavage liquid in the esophagus before the needle gets to the stomach. Fortunately,

the esophagus is fairly distendable, so as long as your gavage volume is small (less

than 1 ml) and you do not withdraw your gavage needle too rapidly the mouse will

usually move the fluid into its stomach by swallowing after you have removed the

gavage needle.

• Respiratory distress. If you see frothing at the corners of the mouse’s mouth or

nose, or observe difficulty in breathing, the mouse may have aspirated or you may

have penetrated the mouse’s trachea or esophagus. If the mouse is in severe

distress, or if the distress continues for more than a few minutes, it should be

humanely euthanized (e.g., by CO2 inhalation).

Step 27: measurement of serum ALT and AST

Many factors may affect the values of serum ALT and AST, such as blood collection tubes,

clotting time, blood hemolysis, serum dilution, the use of different measurement methods

and biochemistry analyzers, the time of mouse gavage and euthanization, as well as the

mouse strain. To minimize these variations, the pair-fed and ethanol-fed wild-type or

genetically modified mice should be fed at the same time, and sera from these mice should

be harvested uniformly and analyzed at the same time.

If the serum ALT and AST levels are not markedly elevated in wild-type mice after chronic

feeding plus a single binge, the following items should be checked.

• The serum ALT and AST levels peak at 9 h and return to basal levels 24 h after

gavage9. Thus, the sera should be collected 9 h after gavage.

• Dietary fat is known to have an effect on alcoholic liver injury37,38. The Lieber-

DeCarli ethanol diet we use is high in monounsaturated fat and low in

carbohydrates (Bio-Serv F1258SP). In this model, we have not tested the effects of

Lieber-DeCarli ethanol diets that are low in fat or high in polyunsaturated fat or

high in saturated fat.

• Mice should be gavaged in the early morning and euthanized in the late afternoon.

Gavage at a different time may affect serum ALT and AST levels.

• Check the strains of mice you used. There are substantial strain differences in

alcohol-induced liver injury and steatosis39.

Steps 1 and 2, (stage 1) weigh mice and prepare cages: 5 min per mouse

Step 3, (stage 1) control diet preparation: 15 min

Steps 4–7, (stage 1) animal housing and feeding setup: 4 min per mouse

Step 8, (stage 1) daily feeding of mice for 5 d: 2 min per mouse per day

Step 9, (stage 2) ethanol liquid diet preparation: 15 min

Steps 10–14, (stage 2) daily feeding of mice for 10 d: 2 min per mouse per day

Step 15, (stage 3) preparation of the ethanol and maltose solutions: 10 min

Steps 16–23, (stage 3) gavage of mice: 3 min per mouse
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Steps 24 and 25, (stage 3) monitoring of mice: check mice every 30 min for 9 h

Total for Steps 1–28, acclimatization, chronic feeding and gavage: 15 d

ANTICIPATED RESULTS

Weight gain

We find that after switching to a 5% (vol/vol) ethanol diet, the mouse’s body weight

decreases slightly for the first 2 d, and then recovers and maintains the original body weight

(Fig. 4a). Typical body changes for ethanol-fed female C57BL/6J mice during a typical

experiment are shown in Figure 4a. We found that the final body weight was comparable

between ethanol-fed and pair-fed mice (Fig. 4b).

Serum ALT and AST levels

Chronic feeding of mice with a Lieber-DeCarli diet for 4–6 weeks has been widely used in

many laboratories; however, this led to only a slight elevation of serum ALT and AST15–20.

This chronic (10 d) plus single-binge feeding model yields markedly higher levels of serum

ALT and AST9. It would also be interesting to examine whether feeding mice chronically

with an ethanol diet for longer periods of time plus single gavage induces even higher levels

of serum ALT and AST than those from 10-d chronic feeding plus single gavage. Because

feeding mice with an ethanol diet for 10 d markedly upregulated CYP2E1 protein expression

in the liver (Fig. 5), which is known to contribute to alcoholic liver injury40,41, we believe

that a 10-d chronic feeding regimen is sufficient to increase CYP2E1 activity and to promote

a single-binge–induced elevation of serum ALT and AST.

We also examined chronic ad libitum feeding (4–6 weeks) plus multiple binges (twice a

week during the 4–6-week feeding) in mice, but surprisingly this model produced

significantly lower levels of serum ALT and AST compared with this chronic (10 d)-plus-

single-binge model, as shown in Figure 6. Our hypothesis for the lower levels of serum ALT

and AST in this model of chronic feeding plus multiple binges is described in the

INTRODUCTION.

Figure 6 summarizes the serum ALT and AST levels from many independent experiments

after chronic ethanol feeding (4 weeks), chronic feeding (10 d) plus a single binge or chronic

feeding (4–6 weeks) plus multiple binges (twice a week during the 4–6-week feeding).

It is well documented that female rodents are more susceptible to ethanol-induced liver

injury than male rodents42,43. We have previously demonstrated that the serum levels of

ALT and AST were higher in female mice than in male mice after chronic-plus-single-binge

ethanol feeding9.

Notably, the average levels of serum ALT and AST from multiple independent experiments

were comparable between male and female mice in this 10-d chronic-plus-single-binge

model (as shown in Fig. 6). This may be due to interexperiment variations. Further studies

on male and female mice should be conducted at the same time to confirm whether female

mice are more susceptible to chronic-plus-single-binge–induced elevation of serum ALT

and AST.

Plasma ethanol concentration

As shown in Figure 5b, plasma concentration of ethanol reaches ～180 mg dl−1 after 10-d

ethanol feeding (chronic without binge) and reaches ～400 mg dl−1 1 h and 2 h after gavage

in the chronic-binge model.
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Liver histology

Liver histology and Oil Red O staining analyses showed obvious microsteatosis in the livers

from all ethanol-fed mice9. Macrosteatosis and necrosis were also often observed in some

ethanol-fed mice9.

In conclusion

This simple chronic-binge ethanol feeding model achieves high blood alcohol levels,

elevation of serum ALT and AST and infiltration of neutrophils. This model can be set up in

most laboratories and carried out in a shorter time period compared with previous rodent

models of ALD (15 d in this chronic-plus-single-binge model versus 5–7 weeks in previous

chronic models), and it is easily applicable to multiple research areas including ALD and

other organ damage caused by alcohol consumption. Notably, this model may more closely

resemble the pathogenesis of human alcoholic hepatitis.

In this protocol, we described a simple mouse model with 10-d ad libitum feeding plus a

single binge of ethanol feeding. It would be interesting to test the effects of different

combinations of chronic and binge ethanol feeding on liver injury, such as those caused by

chronic feeding for longer periods of time plus a single binge or multiple binges. In addition,

in this protocol, we used the Lieber-DeCarli liquid diet, which is high in monounsaturated

fat and low in carbohydrates. It would also be of interest to study this model with diets high

in polyunsaturated or saturated fats, or low-fat diets with high carbohydrates, which are

known to have differential effects on the development of alcoholic liver injury37,44.
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Figure 1.
Overview of the NIAAA model procedure. Mice are initially fed the control Lieber-DeCarli

diet ad libitum for 5 d to acclimatize them to liquid diet and tube feeding. Afterward, ethanol

(EtOH)-fed groups are allowed free access to the ethanol Lieber-DeCarli diet containing 5%

(vol/vol) ethanol for 10 d, and control groups are pair-fed with the isocaloric control diet. At

day 11, ethanol-fed and pair-fed mice are gavaged in the early morning with a single dose of

ethanol (5 g kg−1 body weight) or isocaloric maltose dextrin, respectively, and euthanized 9

h later. This model can be extended to longer periods of chronic feeding (up to 8 weeks)

plus single or multiple binges. All of the animal experiments were approved by the NIAAA

Animal Care and Use Committee.
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Figure 2.
Cage and feeding-tube setup. (a,b) Photos showing modified mouse cages. A hole is drilled

at the bottom of the front side of the cage to insert the mouth of the feeding tube into the

cage. The feeding tube is held using a rubber band tied to steel wire hooks. (c,d) Photos

showing commercial feeding-tube holders designed to hang over the lip of the cage. Note

that it is much easier to change the feeding tubes in the modified mouse cages (a,b) than

those in tube holders (c,d). Perforations made in cages must be consistent in their location to

ensure that the diet in the feeding tube remains accessible after placement.
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Figure 3.
Oral gavage. (a) Measurement of the length of the gavage needle against the animal’s body.

(b,c) Administration of the solution upon verification of proper placement of the gavage

needle. All of the animal experiments were approved by the NIAAA Animal Care and Use

Committee.
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Figure 4.
Body weight changes during the chronic-plus-binge ethanol feeding model. (a) Evolution of

body weight of C57BL/6J female mice (n = 17) during the course of the chronic-plus-single-

binge ethanol feeding. (b) Body weight of pair-fed (n = 7) and ethanol-fed (n = 34) C57BL/

6 female mice was measured on the first day of feeding (initial), after the 5-d acclimatization

period and at day 11 before gavage (final). Data represent means ± s.e.m. All of the animal

experiments were approved by the NIAAA Animal Care and Use Committee.
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Figure 5.
Hepatic expression of CYP2E1 and plasma ethanol levels post ethanol feeding. (a)

Representative immunostaining of CYP2E1 in the liver tissues from 10-d pair-fed and

ethanol-fed mice (chronic feeding without binge). Scale bars, 200 µm. (b) Mice were fed the

ethanol diet for 10 d. At day 11, blood was collected in the early morning and plasma

ethanol concentration was measured (chronic without binge, 0 h after gavage). The mice

were then gavaged with 5 g kg−1 ethanol, and plasma ethanol concentration was measured 1

and 2 h after gavage. Data represent mean ± s.e.m. All of the animal experiments were

approved by the NIAAA Animal Care and Use Committee.
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Figure 6.
Comparison of liver injury induced by the chronic-plus-single-binge ethanol feeding model

and other feeding models. C57BL/6 mice were subjected to 4 weeks of chronic feeding

alone, 4–6 weeks of chronic feeding plus multiple binges (twice a week during the 4–6 week

feeding) and 10 d of chronic feeding plus a single binge. Mice were euthanized 9 h after

gavage. Liver injury was assessed by measuring serum ALT and AST levels. Numbers in

parentheses in graphs denote the number of mice per group. *P < 0.05, **P < 0.01, ***P <

0.001 (unpaired t test). Note that chronic feeding (4–6 weeks) plus multiple binges (twice a

week during the 4–6 week feeding), which was associated with a mortality rate of 10–40%

in male C57BL/6N mice, was not tested in female C57BL/6 mice because a higher mortality

rate is expected. The values in this figure were obtained from multiple independent

experiments. All of the animal experiments were approved by the NIAAA Animal Care and

Use Committee.
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TABLE 1

Mouse models used for the study of alcoholic liver injury.

Mouse models Advantages and disadvantages Refs.

Chronic ethanol feeding (10 d or longer) plus a single
binge (the NIAAA model)

Easy to perform
Marked elevation of ALT and steatosis
Short-term (10 d) feeding with no mortality rate
No liver fibrosis

9

Chronic ethanol feeding (4–6 weeks or longer) plus
multiple binges (twice a week during the chronic feeding)
(the NIAAA model)

Easy to perform
Mild elevation of ALT and marked steatosis
Long-term feeding plus multiple binges with a high mortality rate
No liver fibrosis

a

Chronic ethanol feeding (4 weeks) plus three binges
during the last 3 d of feeding

Easy to perform
Marked elevation of ALT and steatosis
Long-term feeding plus multiple binges with a high mortality rate
Fibrosis was not reported

14

Chronic feeding (4- to 6-week feeding model is widely
used; some studies used 12-week feeding)

Easy to perform
Mild elevation of ALT and steatosis
Long-term feeding with a low mortality rate
No liver fibrosis

15–21

Intragastric infusion (Tsukamoto-French model) Difficult to perform
Requirement for intensive medical care
Marked elevation of ALT and steatosis
Long-term feeding with a high mortality rate
Mild liver fibrosis

22–24

Acute gavage Easy to perform
Mild elevation of ALT and steatosis
Short-term feeding with no mortality rate
No liver fibrosis

20,26–29

Ad libitum oral alcohol in drinking water Easy to perform
Minimal elevation of ALT and mild steatosis
Short- or long-term feeding with no mortality rate
No liver fibrosis

30,31

a
H.W., A.B. and B.G., unpublished data.
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TABLE 2

Caloric profile of the diet.

Control diet
(F1259sp)

Ethanol diet
(F1258sp)

Protein (kcal per liter) 151 151

Fat (kcal per liter) 359 359

Carbohydrate (kcal per liter) 490 135

Ethanol + maltose dextrin
(kcal per liter)

0 355

Total (kcal per liter) 1,000 1,000
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