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Chapter

Towards the Study of Liver Failure: 
Protocol for a 90% Extended 
Hepatectomy in Mice
Maria J. Lizardo Thiebaud, Eduardo Cervantes-Alvarez  
and Nalu Navarro-Alvarez

Abstract

Studies have shown that extended hepatectomy mimics post-hepatectomy liver 
failure (PHLF) and could also be used to study other small-for-flow syndromes. 
Extended hepatectomy can be defined as the removal of more than 70% of liver vol-
ume. At the molecular level, there seems to be a delayed entrance to the cell cycle, 
and thus liver dysfunction ensues. Therefore, there is an imperious need to study 
the mechanisms of such delay to understand how it can be regulated. While the 
classical 70% hepatectomy model to study liver regeneration has been previously 
described thoroughly, there are no protocols describing the surgical procedure for a 
90% extended hepatectomy (90% EHx). Therefore, we here describe a detailed and 
reproducible protocol for such model, defining specific aspects that must be consid-
ered as well as the most common complications and troubleshooting strategies.

Keywords: liver regeneration, 90% extended hepatectomy, liver failure

1. Introduction

Liver regeneration is the process by which lost tissue is replaced through 
compensatory hyperplasia of the remaining healthy tissue [1–3]. The regenera-
tive capacity of the liver has been studied since the early nineteenth century [4], 
when scientists observed changes in liver tissue after surgical procedures. By using 
portosystemic shunts, they first speculated that overall flow was important for liver 
regeneration, and not specifically portal blood flow. Later on, a combined model 
including lobectomies and shunts was used as the main model for liver regenera-
tion [4]. Finally, the acknowledgment that portal blood flow was crucial for liver 
homeostasis gave rise to the “humoral theory,” and with this, the race to find factors 
in the portal blood that promoted liver regeneration began [4].

Most of what we currently know about liver regeneration is thanks to the results 
obtained with surgical models. These models are the most precise, since timing and 
volume removal can be controlled. In fact, the surgical technique for a 2/3 hepatec-
tomy in rats as a model for liver regeneration has been described and perfected since 
first published by Higgins and Anderson in 1931 [5–7]. With advances in anesthesia 
and analgesia, the extension of the 2/3 hepatectomy provides a useful model for the 
study of liver regeneration and liver failure [8–10].
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Studies have shown that extended hepatectomy in rats and mice mimics post-
hepatectomy liver failure (PHLF), as well as other small-for-flow syndromes 
observed in humans, including the small-for-size syndrome (SFSS) seen after 
transplantation [8, 11–14].

PHLF is a syndrome that can result following liver resection for the removal 
of a tumor or in the context of living donor liver transplantation (LDLT). PHLF is 
characterized by postoperative liver dysfunction, with clinical signs of hyperbilirubi-
nemia, coagulopathy, portal hypertension, and ascites [15, 16]. PHLF represents the 
leading cause of mortality post-PHx (>60%), which varies from 0.5 to 8% depending 
on the extent of resection and the quality of the underlying parenchyma [5, 6, 17–19]. 
When assessing parameters for prediction of post-hepatectomy complications, the 
major liver resection has three times more chance of developing PHLF [20].

The precise mechanisms behind PHLF are poorly understood, but it appears to 
depend not only on the quality and the quantity of the remaining liver parenchyma 
[1] but on its ability to surmount the effects of surgical resection. Specifically, the 
tissue must be capable of limiting hepatocyte death, resisting metabolic stress, and 
preserving or recovering an adequate synthetic function [21–25]. For liver regenera-
tion to occur, there must be homeostasis. Preventing liver failure thus enhances 
regeneration [17, 26].

Depending on the quality of the parenchyma, there is a predicted threshold 
of the future liver remnant. This threshold is used to plan extended resections 
[14, 16, 27]. In order for the liver to function correctly and to cover the minimum 
demands of the organism, the total liver volume (TLV) has to be at least 20%, or 
more than 0.5% of the patient’s body weight [16, 18, 19, 28]; otherwise, failure can 
develop. Animal models have the same characteristics, and by using a percentage 
of liver volume removed, one can predict the development of liver failure. In fact, 
several studies have shown that in rodents, acute liver failure (ALF) may develop 
after 90% EHx [8–10]. At the molecular level, there appears to be a delay in the 
entrance to the cell cycle and as a consequence, liver dysfunction [10].

Due to the multifactorial processes involved in these syndromes, animal models 
are important tools to improve our understanding of the pathogenesis of ALF and 
also for the development of new therapeutic approaches. Considering the above, 
challenging the hepatostat with surgical removal of extensive liver volume, 90% 
EHx is a helpful model for the study of acute liver failure in the context of liver 
surgery [19]. Therefore, we here describe a reproducible and detailed protocol for 
the establishment of a surgical liver failure model in rodents through 90% extended 
hepatectomy.

2. Experimental design

When using animals as models, many factors have to be considered as delineated 
as follows.

2.1 Anatomy

The anatomy of the liver in mice differs substantially from that of the humans 
(Figure 1a and b). It measures approximately 1.5–2 × 1 cm and weighs 1–1.5 g [9]. It 
is constituted of four main lobes, the right lobe (RL), the left lobe (LL), the median 
lobe (ML), and the omental or caudate lobe (CL). The RL is divided in the right 
superior lobule (RSL) and right inferior lobule (RIL) (Figure 1a and b). The ML 
is partially divided in half by the gallbladder, whereas the CL is further divided in 
anterior and posterior lobules (Figure 1a and b). Each segment has an attributed 
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percentage of contribution to the total liver volume (TLV), which constitutes the 
basis for the planning of a partial (PHx) or extended hepatectomy (EHx). The ML 
represents 30% of the TLV, with a range between 24 and 28%. The LL represents 
40% of the TLV, with a range between 32 and 36%. The RL represents 24% of the 
TLV, with the RSL and RIL contributing between 12% and 16% each. And lastly, the 
CL represents 6–8% of the TLV.

2.2 Sex, age, timing of surgery, health status, and nutrition of the subjects

In animals, it is known that age and sex affect the liver’s regeneration capacity. 
Compared to young mice, older mice have a reduced capacity of regeneration due to 
decreased growth hormone levels [22]. In regard to sex, female hormones are known 
to affect most of the physiological processes in the body, and the regeneration is no 
exception [29]. Therefore, the preferred characteristics of the subjects are male mice 
with an age ranging from 8 to 14 weeks and a weight more than 20 g [1, 21–23].

The circadian rhythm and glucocorticoids have been demonstrated to have an 
effect on liver regeneration [30, 31]. Specifically, performing the surgery passed 
noon, there seems to be a delay in the regeneration process mediated through 
the differential transcription of wee1, which controls cell cycle proteins, thus 

Figure 1. 
(a) Anatomy of the mouse liver with the relative volume of each lobe, modified from Martins et al. (2007). 
(b) Anatomy of the liver lobes as seen in vivo. The yellow arrow signals the caudate lobe. (c) The surgical 
instruments used in the procedure. (d) Positioning of the mouse on a surgical platform covered by sterile 
covers. The mouse is immobilized with tape. (e) View of abdominal cavity once it is open and appropriately 
uncovered. LL, left lobe; ML, medial lobe; RIL, right inferior lobe.
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disturbing the progression of the cycle. Externally, cortisol levels are known to 
affect DNA synthesis by altering the levels of important enzymes [32]. In fact, it 
has been shown that the combination of adrenalectomy and partial hepatectomy 
enhances liver regeneration [33]. Therefore, depending on the specific objective of 
the study, it is advisable to perform the surgeries in the morning.

The subject’s nutrition and health status may affect liver regeneration, especially 
during the initial phases when hepatocytes are entering the cell cycle [22, 34]. Earlier 
studies have shown that metabolism affects liver regeneration. Indeed, insulin is one of 
the main cofactors for liver regeneration [35]. Despite the fact that insulin aids in the 
process, enhancing insulin secretion through glucose supplementation after partial hep-
atectomy has been shown to decrease liver regeneration [36]. This could be explained by 
the effect glycogen synthesis has in other metabolic pathways in the hepatocyte.

Following 70% of liver tissue removal, glycogen storage is reduced. The animal 
thus develops hypoglycemia, which can be severe enough to cause the animal’s 
demise. To prevent that, supplementation becomes reasonable; however, extrinsic 
glucose affects hepatic fat accumulation. To compensate hypoglycemia, catabolic 
hormones are produced, which aid in proliferation of hepatic tissue. The hepatic 
tissue is oxidizing fatty acids meaning most of the machinery will be concentrated 
either in beta-oxidation or the cell cycle. Introducing carbohydrates (glucose, fruc-
tose, or sorbitol) to the diet is therefore detrimental [34]. The molecular mechanisms 
are still under study. If carbohydrates are combined with other nutrients, including 
lipids or/and amino acids, this effect can be prevented. In fact, supplementing lipids 
or amino acids increases the mitotic activity of cells in a regenerating liver [34].

Likewise, a long-term or short-term low-carbohydrate diet before surgery slows 
down the process of regeneration. A study where mice being fed with a very low-
carbohydrate diet before surgery showed impaired proliferative capacity in hepato-
cytes. The diet consisted of 5.5% of carbohydrate and a 70% of fat without lowering 
caloric intake. Though a low-carbohydrate diet seems to accelerate fat accumulation 
in hepatocytes, other pro-regeneration activities were affected. A stall in the prim-
ing phase of liver regeneration was confirmed as key cytokine RNA levels in liver 
tissue were low, and there was a decrease in phosphorylation of second messengers 
of important mitogenic signaling cascades [37].

In other words, the unique metabolic state in which hepatocytes are found during 
liver regeneration is not to be altered. To favor the regenerative process, only beneficial 
substrates such as amino acids or lipids should be used. With the objective of preventing 
severe hypoglycemia, we recommend adding dextrose before and not after the surgery.

In the same line, it has been shown that selective bowel decontamination for 
gram-negative bacteria reduces the development of PHLF in a rat model [38]. The 
reasoning behind this is based on the fact that during hepatectomy there is signifi-
cant bacterial translocation, which, when in check by the immune system, promotes 
liver regeneration. Keeping an appropriate sterile environment in the animal facility 
thus becomes an absolute requirement.

3. Materials

3.1 Animals

In general, this procedure describes extended hepatectomy performed in 8–14 
weeks of age B57CL/6 male mice. All animal studies have been approved by the 
Universidad Panamericana’s ethics committee (protocol #E1704) and have there-
fore been performed in accordance with the ethical standards laid down in the 1964 
Declaration of Helsinki and its later amendments.
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3.2 Anesthesia

The procedure may last less than 30 min in skillful hands, but it may lengthen 
depending on the complexity of the anatomy and the experience of the operator. 
Therefore, in choosing the anesthetic, the best choice is isoflurane (Sofloran Vet) since 
others have been shown to be hepatotoxic [7]. Not only is the recovery with isoflurane 
good, but it is also fast, which helps in evaluating the efficacy of the surgical procedure.

3.3 Analgesia

Analgesia is key to a good surgical procedure. Buprenorphine is the analgesic of 
choice since it has been proven to diminish pain efficiently [39]. About half an hour 
before beginning, a subcutaneous injection of buprenorphine is recommended at 
a dose of 0.05–1 mg/kg, followed by its administration every 8–12 h for the next 
72 h. Meloxicam is a good alternative and has the advantage of being used as a single 
dose/day, compared to the twice daily administration of buprenorphine [39].

3.4 Materials, instruments, and equipment

3.4.1 Materials

• Isoflurane (Sofloran Vet)

• Sterile normal saline (NS) (Baxter ABB1306AE)

• Sterile normal saline with 10% dextrose (D10)

• Iodine (Germisin, Altamirano 027)

• 70% ethanol (Alcohol Luna)

• Sterile wooden cotton swabs (we usually require 4–5)

3.4.2 Sutures

• 4-0 silk suture for the viscera (SOFSILK S-182 USSC sutures)

• 5-0 vicryl for peritoneum closure (Vicryl JP493 Ethicon)

• 5-0 nylon (Mononylon Ethilon P698 Ethicon) for the skin

3.4.3 Standard surgical instruments

• Microsurgery scissors, also known as Iris scissor (Trauma, Lanceta), to cut the 
skin, peritoneum, and the stumps once they are tied (Figure 1c).

• Straight, non-toothed microdissecting forceps (Trauma or Weldon 
Instrumental, Lanceta) to hold the skin and peritoneum.

• Curved, non-toothed microdissecting forceps (Trauma, Lanceta), helps when 
doing the knots on the lobules.

• Retractors (a blepharostat can be used) (Braintree Scientific).
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• Mayo-Hegar needle holder (Trauma, Lanceta) for suturing the peritoneum 
and skin.

3.4.4 Equipment

• Anesthesia machine/isoflurane vaporizer (SomnoSuite, Low-Flow Anesthesia 
System)

• Surgical bed (Surgisuite Multi-Function Surgical Platform, standard)

4. Methods: recipient anesthesia and peri- and postoperative care

Critical: Administer intraperitoneally or subcutaneously 500 μl of NS+D10 2 h 
before the surgery.

1. Sedate the mice using isoflurane 2–3% for induction and 1% for maintenance.

2. During the surgery, as well as postoperatively, the mouse has to be placed on a 
warm pad, to prevent hypothermia (Figure 1d). After surgery the mice are left 
in the warm pad until they are able to move and stand up without stimuli.

3. Buprenorphine must be administered 30 min before surgery and following a 
schedule (each 8–12 h) for the following 72 h.

4. To prevent dehydration 500 μl of normal saline should be administered intra-
peritoneally or subcutaneously.

5. During follow-up, we use a score to evaluate the status of the mouse as seen in 
Table 1. Though the score was validated in 70% hepatectomized mice, in our 
hands, it has worked well in establishing a prognosis in mice with an extended 
hepatectomy. A score of less than 5 at 6 h and 12 h has a bad prognosis. The val-
ues correlate with serum levels of IL-6, liver enzymes, and histological features 
of regeneration [40]. We also use this score for decision-making. Depending 
on the score, one can consider placing the mouse more time on a warming pad 
as well as euthanizing if the score does not increase after 12–24 h. While regen-
eration will progress as expected in 70 and 85% hepatectomy, a 90% hepatec-
tomy is fulminant and causes acute liver failure and death within 24–48 h.

Category 0 1 2

Activity Stay still

Touch without response 

(TOR)

Stay still

Touch with response 

(TWR, limp away)

Walks free

Fur Wet abdomen and butt/

unkempt fur

Between Dry and neat fur

Body 

posture

Hunched (TOR) Moderate hunched (TWR) Normal stretch

Breath Deep Normal (nonobservable)

Eyes Half-close (TOR) Half-close (TWR) Open and alert

Table 1. 
Mouse body condition score for the major liver resection (taken from Xu et al.).
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4.1 Procedure for extended 90% hepatectomy (timing 40–50 min)

1. Weight the mouse.

2. Following anesthesia induction, the abdomen should be shaved; however, this 
can be done before anesthesia (Figure 1d).

3. Clean the dorsum of the mouse with ethanol before placing it on the surgical 
bed covered with sterile fields.

4. Cleaning of the abdomen must be done with iodine and ethanol 70%.

5. A midline incision is made in two planes (skin and peritoneum). Visibility is of 
critical importance during the procedure. Separation is done with a blepharo-
stat or simple clips as described by Mitchell and Willenbring [31].

6. Start by visualizing the full anatomy of the liver (Figure 1b and e).

7. Once the liver is visualized, the falciform ligament may be cut.

Caution: The falciform ligament must be cut carefully and not too close to the 
diaphragm since the fascia can be cut, causing a hole in the pleural cavity.

8. Next, the first lobe to be removed will be the median lobe (Figure 2a–c). By 
using cotton swabs, mobilize the median lobe upward (toward the diaphragm), 
and place a silk suture under it (Figure 2a).

Figure 2. 
For the removal of the ML, (a) the suture is accommodated leaving several centimeters from the base of the 
medial lobe. The lobules are cut separately. (b) The right ML is cut first as it is the most visible of the two. 
(c) The left ML is cut last, making sure not to perforate the gallbladder. (d) The suture is accommodated 
surrounding the LL. (e) The LL is excised. (f) The stump and a well-perfused caudate lobe are visualized.
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Caution: Cotton swabs are used instead of forceps since the tissue is fragile and 
bleeds easily.

1. Once that is accomplished, return the lobe to its original position with the 
 cotton swab.

2. There is no need of dissecting the different vessels.

3. Tie the knot at the base of the lobe, making sure to leave enough remnant in the 
stump as knots that are too close to the base can damage the circulation in the 
inferior vena cava and suprahepatic veins, compromising the rest of the lobes 
(Figure 2a).

Critical step: One good reference of how long the stump must be is the origin of 
falciform ligament or the gallbladder.

Troubleshooting: if the stump is too big, the functional volume will not be as 
accurate.

4. As the knot tends to slide downward, which increases the remnant tissue, one 
must make sure that the ends are well placed as described in step 10 before 
 tying the knot.

Critical step: To accommodate the ends of the silk suture along the borders of the 
lobe, pull carefully the lobe downward with a cotton swab.

Critical step: Afterward, double-check the tightness of the knot manually.

1. Subsequently, the ends of the suture are cut.

2. Upon noticing a change of color in the sutured lobe, the lobe to be resected can be 
held with forceps and then cut with the microsurgery scissors (Figure 2b and c).

Caution: Care must be taken not to cut through the gallbladder as the bile is toxic 
to tissues of the abdominal cavity. A good advice is to cut the portions separately.

Caution: Once tied, the resection of the lobes needs to be done with extreme 
caution, since the knot can be cut unintentionally.

Critical step: Remember to always check for hemostasis.

3. The next lobe to be resected is the left lobe, as shown in (Figure 2d–f). Follow-
ing the same technique as for the median lobe, lift the lobe toward the dia-
phragm with a cotton swab to place a silk suture under it, return the lobe to its 
original position, and tie the knots strong enough to avoid bleeding. Be careful 
not to section the liver.

Critical step: Always separate the left lateral lobe from the caudate lobe as some-
times there is a ligament that unites them both.

4. After tying the knots and cutting the edges, resect the lobe leaving only the 
required remnant (Figure 2e–f).

Caution: Once tied, the resection of the lobes needs to be done with extreme 
caution, since the knot can be cut unintentionally.

Troubleshooting: If the stump is too big, the functional volume will not be as 
accurate.



9

Towards the Study of Liver Failure: Protocol for a 90% Extended Hepatectomy in Mice
DOI: http://dx.doi.org/10.5772/intechopen.90245

1. After resecting the median lobe and the left lateral lobe, the right inferior 
lobule is visible. To increase visualization, the intestines may be moved outside 
the abdominal cavity with a cotton swab. We recommend placing them within 
a wet gauze to prevent the intestines from drying (Figure 3a).

2. When visualized, the inferior right lobe is moved toward the inferior vena cava 
with a cotton swab to place the silk suture under it. The silk suture is accom-
modated parallel to the lobule (Figure 3b).

3. Once that is done, replace the lobule over the silk suture using a cotton swab.

Critical step: The knot must be made using very fine forceps as tying it tends to 
move the lobule out of the knot (Figure 3c).

1. Four to five knots have to be placed as described above.

2. The ends of the silk suture are cut.

3. Once the lobule changes color, one can proceed to cut it (Figure 3d and e).

Caution: When resecting the right lobe, one must place the suture with diligence, 
making sure not to touch the kidney.

Caution: Once tied, the resection of the lobes needs to be done with extreme 
caution, since the knot can be cut unintentionally.

Caution: Sites of bleeding need to be identified.

1. Notice that if one leaves the superior right lobule together with the caudate 
lobe, approximately 22–24% of hepatic volume can be left, thus becoming a 
partial hepatectomy of 82–86%.

2. The last lobule left to be removed is the superior right lobule (Figure 4). This is 
technically difficult since it is located deep within the vault of the diaphragm. 
The use of clips reduces the technical difficulty.

3. When using silk sutures, we recommend doing the knot outside the cavity 
(Figure 4a). Once this is done, with a swab the superior right lobule is moved 
toward the inferior vena cava (Figure 4b), rapidly placing the silk suture knot 
parallel to it. With the swab, one locates the lobule within the knot.

Critical step: As mentioned before, the knot must be tied using forceps with very 
fine tips and within the abdominal cavity (Figure 4c and d).

1. The first knot does not have to be tight; the second one must be tightened 
with the fingers, applying as much force as possible.

2. The lobule can be cut once it changes color (Figure 4e).

Caution: The resection of the lobes needs to be done with extreme caution, since 
the knot can be cut unintentionally.

3. After hemostasis is reassured (Figure 4f), the abdominal cavity can be closed.

Caution: Always check for perfusion of the caudate lobe, as seen in Figure 4g.
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Critical step: We recommend suturing the peritoneum separately from the skin 
(Figure 5). This helps prevent evisceration as mice tend to remove the stitches.

1. The peritoneum is closed with an absorbable suture like 5-0 vicryl or PDS,  using 
a running suturing technique to keep tension at the closure (Figure 5b and c).

2. The skin is closed with 4-0 nylon using a simple interrupted suturing technique 
or clips (Figure 5d–f).

Figure 4. 
For removal of the RSL, (a) the knot is made outside the peritoneal cavity and (b) is positioned carefully 
around the lobule with the help of the forceps. (c) The knot is tightened with the forceps inside the peritoneal 
cavity. (d) If the correct force is applied, the silk suture does not cut through the tissue, and no bleeding is 
seen. (e) The lobe is removed carefully. (f) The remaining stumps within the cavity is shown. (g) The only 
remaining lobe will be the caudate lobe.

Figure 3. 
(a) For the extirpation of the RL, evisceration must be made, and the intestine should be covered by a wet 
gauze. (b) The silk suture is placed beneath the RIL. (c) The knot is carefully tightened. (d) The lobe is excised. 
(e) A forceps can be used to remove the excised tissue.
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5. Troubleshooting

One important aspect of every surgical procedure is the anesthesia. Incorrect 
dosing can be fatal to the subject. Weighting the animal and calculating the anes-
thetic correctly are crucial.

Following the steps of the procedure, using the adequate number of silk suture, 
is important as thinner sutures can cut the tissue when tying the knot. This pro-
duces unwanted bleeding.

As to the knot, inadequate tying and incorrect placement may complicate the 
procedure. If the knot is not tight enough after excision of the tissue, the bleeding 
can be very profuse and difficult to stop. In competent hands, a second knot can 
be placed. This stops the bleeding. Sometimes, the bleeding is not noticed until 
the animal dies after 12–24 h of the procedure. The main cause of death is usually 
internal bleeding due to technical errors with the knot.

As mentioned before, if the knot is placed at the median lobe too proximate to 
the inferior vena cava, the perfusion of the remnant lobe is compromised. In this 
case, perfusion of the caudate lobe (Figure 6) indicates that the EHx becomes a 
full hepatectomy. The under-perfused tissue will not be able to enter the process of 
regeneration before acute liver failure establishes.

The stump volume is important in achieving a real EHx. If the stump volume 
is too big, not only will the animal be left with a caudate lobe, it will also be left 
with a partial lobe, whether it is the median, the left, or the right lobe. The only 
way to notice this is after the surgery, as the animal will show clinical features of 
liver failure. If liver failure does not develop, that means the model failed and more 
remnant tissue was left in place than the actual 10% that was supposed to be left for 
a 90% EHx.

A summary of the main complications and errors is found in Table 2.

Figure 5. 
(a) Apposition of the borders of the peritoneum is made before beginning the suture of the incision. (b) A 
simple continuous suture is made on the peritoneum lining. (c) The suture is performed from proximal to 
distal. (d) The skin is sutured with simple interrupted sutures, (e) from the xiphoid process to the pelvis area. 
(f) The space between the sutures must be even.
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6. Quantifying results

6.1 Liver regeneration

To assess liver regeneration, the liver-to-body weight ratio (LBWR) can be cal-
culated by considering the weight of the animal after the surgery and weight of the 
remnant lobe (the caudate lobe). The stumps are not considered in the ratio unless 
the stumps made were too big and have regenerated. The LBWR tells the volume of 
regenerated tissue in proportion to the body. As mentioned before, the liver has a 
hepatostat, and thus the body weight has to be considered.

For the assessment of mitosis in liver samples, a basic H&E or an immunohisto-
chemistry against Ki-67 or bromodeoxyuridine (BrdU) can help count the number 

Figure 6. 
After resection of the median lobe, when tying too high toward the inferior vena cava, the hepatic circulation is 
affected as seen in the color acquired by the CL.

Troubleshooting Step Problem Possible reason Solution

Death during 

procedure

17–25 Bleeding Tightness of knot Use forceps to tie knot first 

proximal to the tissue, deep 

within the cavity

Death in less than 

24 h

8–25 Bleeding Tightness of knot Ensure tightness of knot 

manually

Avoid cutting through the knot

More than 48-h 

survival

8–25 Survival Stump volume Cut enough tissue as to 

approximate the % of functional 

liver volume you want to resect

Bad perfusion of 

caudate lobe

8–13 Fulminant 

hepatic 

failure

Knot made too high 

upon the hilum of 

the median lobe

Use the gallbladder as reference 

for doing the stump; leave at 

least 2 mm of stump

Table 2. 
Troubleshooting.
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of replicating cells. Mitotic cells are identified by the condensation of the chromatin 
and loss of nuclear membrane. Identifying the late phases of mitosis is much easier. 
Quantifying the positivity of cells to Ki-67 reflect that these cells are in the cell cycle. 
Ki-67 is known to modulate most of the phases in the cell cycle but has its peak when 
the cell reaches the mitosis phase. Bromodeoxyuridine assay works by administering 
intramuscularly a dose (50 mg/kg) of BrdU to the animal before sacrifice. BrdU is an 
analogue of thymidine, and as such it becomes incorporated to the DNA. When an 
antibody against BrdU is used, cells that are in the S phase or beyond can be identified.

6.2 Liver failure

To assess liver failure in the live animal, the quantification of liver enzymes 
through colorimetric assays is helpful. Clinical assessment is sensible. As described 
above, the value of the mouse body condition score after the major liver resec-
tion can predict the outcome of the procedure [40]. A score less than or equal to 5 
measured consecutively within 24 h post-hepatectomy correlated with increased 
levels of liver enzymes, pro-inflammatory cytokines, and decreased regeneration 
measured through ki-67 staining in liver tissue.

In the dead animal, the LBWR is key to assess the degree of regeneration, which is 
inversely proportional to liver dysfunction. Once the tissue is procured, microscopically, 
steatosis is a hallmark of liver failure (Figure 7). On the other hand, the calculation of 
the survival rate helps predict the hours an animal with liver failure is able to survive.

Biomarkers can be developed to assess the possibility of liver regeneration or 
liver failure. Nonetheless, the value of these biomarkers will depend on the exis-
tence of therapeutics to enable regeneration or prevent liver failure. Thus, there 
is a need of using surgical models to study these payoffs, which are two factual 
extremes of a method frequently used in clinical practice.

7. Conclusions

We have here described a reproducible mouse model for a 90% extended hepa-
tectomy which mimics closely small-for-flow syndromes and thus an important 
acute liver failure scenario. Even though the obvious problem in this setting and 

Figure 7. 
Tissue slide stained with H&E showing steatosis and a necrotic area in a sample of the liver 24 h 
post-hepatectomy.
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the objective of this extended hepatectomy model is to severely reduce liver mass, 
which describes the term small for size, liver dysfunction is now increasingly rec-
ognized to occur due to a small-for-flow syndrome [41–43]. As Golriz and authors 
suggest, the appropriate term for this syndrome should be small for size and flow 
[44]. The critical turning point in the understanding of this phenomenon is that 
portal flow to the remaining liver mass or liver graft is excessive, leading to histo-
pathological consequences including sinusoidal endothelial denudation, periportal 
hemorrhage, arterial vasospasm, portal vein thrombosis, and biliary strictures 
[45, 46]. Considering the physiopathology that originates this type of acute liver 
failure, it has been experimentally demonstrated that interventions aimed to reduce 
portal overpressure such as the use of vasoconstrictors or splenic artery ligation 
have positive effects on liver regeneration and hepatocellular viability [41, 42]. In 
the clinical setting, Kaido and authors have successfully lowered the limit of graft-
to-recipient weight ratio to 0.6% in adult-to-adult living donor liver transplantation 
by maintenance of an intraoperative final portal pressure below 15 mmHg, which 
may involve ligation of portosystemic shunts or even splenectomy [43]; it is worth 
noting that traditionally the minimum ratio considered as safe for liver transplanta-
tion or resection is 0.8%, based on a study where probability of graft survival at 
90 days is less than 54% [47].
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Nomenclature

BrdU bromodeoxyuridine
CL caudate lobe
D10 dextrose 10%
Ehx extended hepatectomy
LBWR liver-to-body weight ratio
LLL left lateral lobe
ML medial lobe
NS normal saline
PHx partial hepatectomy
PHLF post-hepatectomy liver failure
RIL right inferior lobe
RSL right superior lobe
SFSS small-for-size syndrome
TLV total liver volume
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