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ABSTRACT
Objectives: Mycophenolate mofetil (MMF) is a widely used immunosuppressive agent. MMF hepatotoxicity has been reported in non-transplant and
renal transplant patients with minimal histologic description. This is the first
study describing detailed histology and ultrastructure of MMF hepatotoxicity.
Methods: Four liver-transplant recipients (Cases 1–4) were suspected to
have MMF hepatotoxicity. Cases 1–3 (two females and one male; 4–
17 years) had multiple biopsies for liver function test (LFT) abnormalities.
Case 4 (female; 16 years) had a surveillance biopsy. Electron-microscopic
examination (EM) was requested on Cases 1–3 for unexplained, persistent
LFT elevation and histologic abnormalities despite therapy and Case 4 for
unexplained histologic abnormalities despite a stable clinical course. To
confirm the pathologic changes in the human allografts, livers from MMFtreated and untreated mice were also reviewed.
Results: While the allograft biopsies showed nonspecific histologic changes,
EM revealed unequivocal mitochondrial abnormalities similar to those seen in
primary and secondary mitochondrial disorders. In Cases 1 and 2, LFTs improved
after stopping and reducing MMF, respectively. In Case 3, pre- and post-MMF
treatment biopsies were performed and only the post-MMF biopsy demonstrated
mitochondrial abnormalities. Mitochondrial abnormality in Case 4 was subclinical.
The mouse study confirmed that MMF caused various stress changes in the
mitochondria; number of mitochondria/cell (mean  standard deviation; untreated
group: 58.25 8.426; MMF-treated group: 76.37 18.66), number of lipid
droplets/cell (untreated: 0.9691  1.150; MMF-treated: 3.649  4.143) and
sizes of mitochondria (mm, untreated: 0.8550  0.3409; MMF-treated:
0.9598  0.5312) were significantly increased in hepatocytes in the MMFtreated mice compared with the untreated mice (P < 0.0001).
Conclusions: Although MMF is safe for the majority of patients, MMF can
cause mitochondrial stress, which may trigger more severe mitochondrial
abnormalities in a small subset. MMF hepatotoxicity should be considered
for MMF-treated patients with unexplained, persistent LFT abnormalities
and nonspecific histologic findings. EM should be requested for these cases.
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What Is Known




Recognition of drug-induced liver injury (DILI) can be
challenging because DILI displays diverse, often nonspecific laboratory and histopathologic changes.
Rare cases with mycophenolate mofetil (MMF) hepatotoxicity have been reported in non-transplant and
renal transplant patients.

What Is New







This is the first study reporting detailed histopathology and ultrastructure of MMF hepatotoxicity.
Despite nonspecific histologic abnormalities, electronmicroscopic examination (EM) revealed unequivocal
mitochondrial abnormalities similar to those seen in
primary and secondary mitochondrial disorders.
MMF hepatotoxicity should be considered for MMFtreated patients with unexplained, persistent liver
enzyme abnormalities and nonspecific histology.
EM should be requested for these cases.

D

rug-induced liver injury (DILI) represents the leading cause
of acute liver failure in the United States (1–3) with an
estimated incidence of 1 in 10,000 and 1 to 100,000 patients (4).
Recognition of DILI can be challenging clinically (3) and histologically (5) because DILI can be present with highly diverse laboratory and histologic changes. The histologic patterns of DILI include
hepatitis, cholestasis, granulomatous inflammation, macro- and/or
micro-vesicular steatosis with or without steatohepatitis, hepatocellular necrosis ranging from single cell drop-out to broad necrosis,
sinusoidal obstruction/veno-occlusive disease, and any combination of these injury patterns. Additionally, DILI frequently displays
nonspecific (unclassifiable) pathologic changes (5). These diverse,
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often nonspecific histologic patterns make it difficult to establish
practical diagnostic criteria for DILI.
To treat or prevent acute graft rejection in solid organ recipients, azathioprine, 6-mercaptopurine (6-MP), cyclophosphamide,
and calcineurin inhibitors, such as cyclosporine and tacrolimus, have
been used in combination with high-dose corticosteroids. Mycophenolate mofetil (MMF) and sirolimus have emerged recently as
additional immunosuppressive agents in managing solid organ transplants (6,7). These immunosuppressive agents are often used in
combination with other medications and they may be also used to
treat patients with pre-existing liver disease, such as autoimmune
hepatitis. DILI can be associated with any of these immunosuppressive agents. Among these agents, azathioprine- and 6-MP-related
hepatotoxicity are well-known and account for 1–2% of DILI. They
typically show cholestatic, hepatocellular and mixed injury patterns
(8). Otherwise, the injury is thought to be generally mild and only a
small number of cases have been reported (9). The number of cases
may be undercounted because it is often difficult to diagnose DILI
associated with immunosuppressive agents and determining a particular causative agent is further challenging.
MMF is an immunosuppressive agent commonly used as an
adjunctive agent to prevent and/or treat acute cellular rejection
(ACR) in solid organ transplant recipients and as a therapeutic agent
in non-transplanted patients with various diseases with immune
dysregulation. Major adverse effects of MMF include bone marrow
suppression, gastrointestinal, neurological symptoms and teratogenicity. Rare sporadic cases with MMF-related hepatotoxicity have
been reported in the native livers of non-transplant patients and
renal transplant recipients; however, these reports described no or
only minimal histopathology and ultrastructural analysis had not
been performed (10–16).
Children’s Hospital Los Angeles (CHLA) performs 110–120
transplant liver biopsies per year. Liver biopsy is routinely performed on transplant recipients with elevated liver function tests
(LFTs) and as a surveillance biopsy for patients with normal LFTs
in accordance with internal protocols. The predominant indication
for allograft biopsy is to rule out ACR as it is the most frequent
clinical concern and requires prompt treatment. ACR is diagnosed
according to the standardized histologic criteria defined by the
Banff Working Group (Banff criteria) (17); however, other possible
etiologies of liver dysfunction, which are often evident only as
nonspecific histologic findings on liver biopsies, are common yet
often receive little consideration in pathology reports.
We herein present four liver transplant patients treated with
MMF, who were clinically suspected to have MMF hepatotoxicity.
This is the first study that shows the detailed histopathology and
ultrastructure of MMF hepatotoxicity in human liver allografts and
mouse livers treated with MMF.

METHODS
Patients’ Transplant Liver Biopsies
The study has been approved by our internal Institutional
Review Board (IRB) at CHLA. Liver biopsies were performed by
interventional radiology at CHLA. Biopsies were immediately fixed
in 10% formalin (Medical Chemical Cooperation, Torrance, CA,
USA) for light-microscopic examination (LM) and 2.5% buffered
glutaraldehyde (BCC Biochemical, Mount Vernon, WA, USA) for
electron-microscopic examination (EM).
All staining and histologic examination were performed at
the Clinical Laboratory Improvement Amendments (CLIA)-certified laboratory at CHLA. For LM, we performed hematoxylin &
eosin (H&E) and special staining (Periodic acid-Schiff [PAS], PAS
with diastasis [PASD], reticulin, iron and trichrome) per biopsy
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according to our operating procedure. Ultrastructural analysis was
performed as previously described (18,19).
ACR was diagnosed and scored using the rejection activity
index (RAI), which grades: portal inflammation (score 1–3), bile
duct damage (score 1–3), and venous endothelial inflammation
(score 1–3). Each score was added and the degree of ACR was
scored as follows: RAI ¼ 0–9; <3: borderline/indeterminate ACR,
3–4: mild ACR, 5–7: moderate ACR and >7: severe ACR (17).
Nonspecific (unclassifiable) hepatocellular injury is often
referred to ‘‘reactive changes’’. Histologic features of ‘‘reactive
changes’’ include a combination of enlarged hepatocytes with
hydropic changes (expanded, pale to clear cytoplasm) and coarse
eosinophilic granules (eg, mega-mitochondria), nuclei with anisonucleosis and bi-/multi-nucleated forms, cholestasis, steatosis and/
or necrosis. Necrosis can range from single cell necrosis (acidophil
bodies) to rarely broad necrosis with collapsed lobules.

Mouse Liver Samples
The study has been approved by the Institutional Animal
Care and Use Committee (IACUC) at the University of Cincinnati
and CHLA. All of the animal experiments in the present study were
compliant with relevant ethical regulations regarding animal
research. Mice were 7–8 months old female, which were housebred from C57BL/6 mice (the Jackson Laboratory, Bar Harbor, ME,
USA). For the MMF-treated group, mice (7–8 months of age) were
given MMF by oral gavage. MMF was dissolved in 0.5% methylcellulose/0.1% Tween 80 solution and 120mg/kg/day was administrated orally. For untreated group, 0.5% methylcellulose/0.1%
Tween 80 solution was used for vehicle treatment. Two of the five
MMF-treated mice died on days 12 and 13 of the treatment and were
excluded from the experiment. The rest were sacrificed on day 14
and necropsy was performed. Livers were harvested and immediately fixed for LM and EM as described above.
H&E and trichrome staining were performed on each liver
section from the three MMF-treated mice and the five untreated
mice at CHLA. Ultrastructural analysis was performed on the
mouse liver tissue from the three MMF-treated mice and three
mice randomly selected from the untreated group, according to the
method described above. EM images were captured digitally at the
same magnification (8000). Thirty hepatocytes per mouse liver
were randomly selected and numbers of the mitochondria and lipid
droplets were counted per hepatocyte using digital images. The
greatest dimensions of randomly selected 50 mitochondria per
hepatocyte from each mouse were measured using image analysis
software, Cellsens (Olympus, Tokyo, Japan).

Data Analysis (Mouse Livers)
The number of mitochondria and lipid droplets per hepatocyte (20 cells per mouse, total 60 cells per group) and size of the
hepatocellular mitochondria (50 mitochondria per hepatocyte; total
60 cells/3000 mitochondria per group) from the MMF treated and
untreated mice were compared by repeated measures mixed model
analysis, with mice as a random effect and group as fixed, at a 0.005
significance level, using Prism8 software (GraphPad Software, San
Diego, CA, USA).

RESULTS
Case Reports
The study included three female and one male liver transplant recipients. Clinical demographics of the patients are summarized in Table 1. Three MMF-treated liver transplant recipients
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Note that ‘‘additional features’’ in the pathology reports were not standardized among pathologists and did not affect the final diagnoses. BA ¼ biliary atresia; CDG ¼ congenital disorder of glycosylation;
CMV¼ cytomegalovirus; Duct ¼ bile duct damage score; EBER ¼ Epstein-Barr encoding region in situ hybridisation; Endothelial ¼ venous endothelial inflammation score; HSV ¼ herpes simplex virus;
Kasai ¼ Kasai procedure; mo ¼ months; N/A ¼ not applicable; neg ¼ negative; Portal ¼ Portal inflammation score; RAI ¼ rejection activity index; Tx ¼ transplant; y ¼ years.
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TABLE 1. Clinical demographics and biopsy results of Cases 1–4
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(Cases 1–3; two females and one male; 4–17 years of age) had
multiple allograft biopsies for unexplained, persistently elevated
LFTs. A biopsy was performed on an MMF-treated liver transplant
recipient (Case 4; a female; 16 years of age) for surveillance
purpose as per our internal CHLA protocol. All four patients had
a history of good medication compliance.
EM was requested on Cases 1–3 because these patients continued to have LFT abnormalities and nonspecific histologic abnormalities despite ongoing medical therapy, and on Case 4 as unexplained
nonspecific histologic findings were evident in her surveillance biopsy
despite having normal LFTs and a stable clinical course.
Case 1 was a 12-year-old female with a history of biliary atresia,
status post-Kasai portoenterostomy with progression to end-stage liver
disease. Her post-transplant course was complicated by elevated LFTs,
for which multiple liver biopsies were obtained. Given the findings of
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ACR as well as positive donor-specific antibodies and C4d staining, she
was aggressively treated with multiple courses of high dose intravenous
corticosteroids and increasing doses of tacrolimus. Because LFTs were
not normalized despite therapy, a third agent, MMF, was started as an
adjunctive agent. However, her LFTs increased after MMF was started
(Fig. 1). Given the mitochondrial abnormalities identified by EM,
MMF was discontinued. Approximately 3 days after cessation of
MMF, LFTs started to improve (Fig. 1) and normalized at 2 months
after cessation (not shown in Fig. 1).
Case 2 was a 4-year-old female with a history of unresectable
hepatoblastoma. Her post-transplant course was complicated by
hemolytic anemia. Since tacrolimus-induced hemolysis was suspected, the medication was changed to cyclosporine, which improved
her hemolysis. Two months following her transplant she developed
an acute rise in her LFTs due to ACR. She was aggressively managed

FIGURE 1. Clinical courses and medication history of Cases 1–4. Cases 1–3 had multiple biopsies for persistently elevated LFTs. Case 4 had a
surveillance biopsy as per our internal protocol. EM was requested on Cases 1–3 for unexplained, persistent LFTabnormalities and nonspecific histology
despite therapy and Case 4 for unexplained nonspecific histology despite normal LFTs and a stable clinical course. In Cases 1 and 2, withdrawal or
reduction of MMF improved liver function. After 3 and 2 days after cessation and reduction of MMF, LFTs started to improve and normalized at 2 and
3 months after cessation and reduction. Case 3 underwent a pair of pre- and post-MMF treatment biopsies and only the post-MMF biopsy showed
mitochondrial abnormalities. Case 4 showed a subclinical mitochondrial abnormality. For Case 3 and 4, at the time of the workup, MMF was not thought
to be the cause of the LFT abnormalities. After MMF hepatotoxicity became more certain, MMF was discontinued. The patients currently have normal
LFTs. Day 0 ¼ initial event or biopsy; EM ¼ electron-microscopic examination; LFT ¼ liver function test; MMF ¼ mycophenolate mofetil.
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with high-dose corticosteroids and tacrolimus, which did not cause
hemolysis at that time. Her LFTs improved but did not normalize;
therefore, MMF was added. However, her LFT abnormalities persisted after MMF was started (Fig. 1). Given the mitochondrial
abnormalities identified by EM, MMF was reduced. Two days after
reduction of MMF, LFTs started to improve (Fig. 1) and normalized
at 3 months after reduction (not shown in Fig. 1).
Case 3 was a 17-year-old male with a history of congenital
disorder of glycosylation Type Ib. His post-transplant course was
initially uneventful, however he developed increased LFTs and given
initial concerns for tacrolimus toxicity, his tacrolimus dosing was
decreased and MMF was started; however, mild LFT abnormalities
persisted after MMF was started (Fig. 1). At the initial diagnostic
workup MMF was not thought to the cause of hepatotoxicity. After
MMF hepatotoxicity became more certain, it was discontinued and
the graft functions normalized (not shown in Fig. 1).
Lastly, Case 4 was a 16-year-old female with a history of
biliary atresia status-post Kasai portoenterostomy, who presented
with acute-on-chronic liver failure leading to end-stage liver disease. Her post-transplant course was notable for EBV viremia, HSV
stomatitis and an episode of ACR, all of which resolved before the
current presentation. Because her ACR was refractory to standard
therapy, MMF was started. Since then she had been treated with
MMF for approximately one year. She underwent a protocol
surveillance liver biopsy as per the institutional protocol (Fig. 1).
At the time of workup, MMF was not thought to be a cause of
histologic abnormalities. After MMF hepatotoxicity became more
certain, it was discontinued. The patient currently has normal LFTs.
Figure 1 shows patients’ biopsy findings along with the
laboratory results and given medications. Multiple biopsies were
performed for elevated LFTs, and the diagnoses established by
board-certified pediatric pathologists were generally consistent
with low-grade ACR (RAI ranging 2–4), except the initial biopsy
of Case 1 with RAI of 5. Initial pulse corticosteroids resulted in
lower LFTs; however, LFTs did not normalize despite aggressive
immunosuppressive therapy.
In Cases 1 and 2, LFTs improved after stopping and reducing
MMF, respectively; therefore, MMF hepatotoxicity was suspected.
For Case 3, a pair of pre- and post-MMF treatment biopsies were
performed and only the post-MMF biopsy demonstrated mitochondrial abnormality. Case 4 was clinically stable but her surveillance
biopsy showed unequivocal mitochondrial abnormality.

Histologic and Ultrastructural Features of the
Patients’ Liver Biopsies
The histologic findings of each case are summarized in
Table 1. Biopsies demonstrated features of mild ACR with patchy
portal inflammation, some of which were accompanied by mild
ductal damage and/or mild subendothelial lymphocyte infiltrates. In
addition, they showed mild, nonspecific hepatocellular injury
(‘‘reactive changes’’). These ‘‘reactive changes’’ included mildly
enlarged hepatocytes with granular cytoplasm, anisonucleosis, and
focal areas with predominantly microvesicular steatosis (Fig. 2A
and B). For all of the four cases, EM revealed similar ultrastructural
features including prominent mitochondrial pleomorphism (variability in size and shape) and crystalloid inclusions (Fig. 2C and D),
except for the pre-MMF biopsy in Case 3.

Histologic and Ultrastructural Features of
Mouse Livers
Histology of the livers from the MMF-treated and untreated
mice showed no significant differences. MMF-treated mouse livers

Mycophenolate Mofetil Hepatotoxicity
showed only minimal ‘‘reactive changes’’ with rare anionucleosis,
granular cytoplasm and no fibrosis (Fig. 2E and F). Analysis using
EM images revealed various mitochondrial ‘‘stress changes’’ in the
livers from the MMF-treated mice. Number of mitochondria per cell
(mean  standard deviation; untreated group: 58.25  8.426;
MMF-treated group: 76.37  18.66), number of lipid droplets per
cell (untreated group: 0.9691  1.150; MMF-treated group:
3.649  4.143) and sizes of mitochondria (mm, untreated group:
0.8550  0.3409; MMF-treated group: 0.9598  0.5312) were significantly increased in hepatocytes in the MMF-treated group
compared with those in the untreated group (P < 0.0001; Fig. 3).

DISCUSSION
Mycophenolic acid and its pro-drug form (MMF), are potent
inhibitors of inosine monophosphate dehydrogenase (IMPDH), a
rate-limiting enzyme of the de novo GTP biosynthesis. Lymphocytes depend on IMPDH activity for their proliferation and
immune-related activity and therefore, are sensitive to IMPDH
inhibitors. MMF has been used as an adjunct immunosuppressive
agent for solid organ transplanted patients (20,21). Compared with
the other previously-developed immunosuppressants, MMF has an
equivalent or superior immunosuppressive ability and fewer
adverse effects that enable long-term use (22,23). MMF has been
widely used not only for solid organ transplant recipients but also
for large numbers of patients with various immune-dysregulation
diseases and for treating and/or preventing graft-versus-host disease
in bone marrow transplant recipients. MMF is a critically important
drug for human diseases associated with undesirable immunity (24).
MMF hepatotoxicity is thought to be rare (9,16). Rare cases
have been reported in non-transplant patients treated with MMF,
including patients with focal segmental glomerulosclerosis (11),
atopic dermatitis (12), ANCA-positive vasculitis (13), and scleritis
of the eyes (14). Balal et al (15) reported 79 renal transplant
recipients treated with MMF. Of these 11 patients (13.9%) had
relatively mildly elevated LFTs, which were normalized after
reduction or withdrawal of MMF. The mechanism of the hepatotoxicity is unclear and these reports described no or minimal
histologic findings. EM had not been performed for any of the cases.
Mitochondria are cellular powerhouses and regenerate ATP
from ADP through the oxidative phosphorylation system. Mitochondria also provide intermediate metabolites, which are critical
for cellular functions and proliferation (25) and regulate cell functions via reactive oxygen species (ROS) generated during the
oxidative phosphorylation process (26). Mitochondria also have
an important role in cell death, which is triggered by mitochondrial
membrane disruption and then apoptosis and/or necrosis of the cell
(27). Recent evidence suggests that hepatotoxic drugs can cause
mitochondrial dysfunction in the liver through diverse mechanisms,
such as direct inhibition of mitochondrial respiration and betaoxidation and damage to mitochondrial DNA, mitochondrial transcripts, and mitochondrial protein synthesis (27–30).
Our results (Cases 1 and 2) and the previously reported cases,
in which withdrawal or reduction of MMF improved liver function,
are supportive evidence that MMF hepatotoxicity occurring in a
subset of MMF-treated patients, either with native or transplanted
liver. Ultrastructural findings in Case 3 with a pair of pre- and postMMF treatment biopsies reinforces the link between MMF treatment and hepatocellular mitochondrial abnormalities. Case 4 demonstrated that mitochondrial abnormality can be subclinical. The
mouse study did not show as dramatic morphological changes as
those seen in the patients’ allografts, but it confirmed various stress
changes in mitochondria associated with MMF treatment.
MMF is safe to use majority of patients; however, it may stress
mitochondria and may trigger more severe mitochondrial abnormality
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FIGURE 2. Histologic and ultrastructural features of the transplant biopsies (A and B) H&E (A: 100, B: 400); (C and D) electron micrograph (C:
8000, D: 18,000) and the untreated mouse livers (E) and livers treated with MMF (F) and untreated mice (F) (E1 and F1: H&E [400]; E2 and F2:
electron micrograph [8000]). In addition to the features categorized into mild ACR, the histology showed mild, nonspecific (unclassified)
hepatocellular abnormalities (‘‘reactive changes’’, A and B). EM revealed prominent mitochondrial pleomorphism (variability in size and shape) and
crystalloid inclusions (C and D), except for the biopsy taken before stating MMF in Case 3. Red arrowheads indicate extremely large ones among the
pleomorphic mitochondria. Histologically, the livers from the untreated (E1) and MMF-treated mice (F1) showed no recognizable differences. They
had only minimal ‘‘reactive changes’’ with mild anionucleosis and granular cytoplasm. Ultrastructurally, hepatocellular mitochondria of the MMFtreated mice (F2) showed more pleomorphism (variability in size and shape) and lipid droplets compared with the livers from the untreated mice (E2).
Red and blue arrowheads indicate large pleomorphic mitochondria and lipid droplets, respectively. ACR ¼ acute cellular rejection; EM ¼ electronmicroscopic examination; H&E ¼ hematoxylin & eosin; MMF ¼ mycophenolate mofetil.

468

www.jpgn.org

Copyright © ESPGHAN and NASPGHAN. All rights reserved.

JPGN



Volume 73, Number 4, October 2021

A

* p < 0.0001

5.5
5.0
4.5

Size of Mitochondria (µm)

Mycophenolate Mofetil Hepatotoxicity

Samples: 3000 mitochondria
Mean: 0.8550
SD: 0.3409

Samples: 3000 mitochondria
Mean: 0.9598
SD: 0.5312

4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0
Untreated 1

Unteated 2

Untreated 3

B

MMF Treated 1

MMF Treated 2

MMF Treated 3

C

FIGURE 3. Image analysis using EM revealed mitochondrial ‘‘stress changes’’; numbers of mitochondria and lipids and degree of mitochondrial
pleomorphism (variability in size) were significantly increased in hepatocytes from the MMF-treated group compared with the untreated group
(P < 0.0001). EM ¼ electron-microscopic examination; MMF ¼ mycophenolate mofetil.

in a small subset. One should note that MMF’s pharmacokinetics and
pharmacodynamics vary among individuals (31,32).
Diagnosing mitochondrial disorders is challenging by routine LM alone, even for cases of genetically proven primary
mitochondrial disorders with severe clinical manifestations,
because the histologic features are diverse, ranging from normal,
reactive changes, hepatitis, to various degrees of cellular necrosis,
and are often nonspecific (18). EM plays an important role in
identifying morphological mitochondrial abnormalities at the ultrastructural level. Our EM results strongly suggest a correlation
between MMF hepatotoxicity and mitochondrial abnormalities in
human and mouse livers treated with MMF. The next important step
would be to investigate a larger number of patients and to look for
risk factor(s), such as genetic alteration(s), that may make patients
more susceptible to MMF hepatotoxicity. The role of IMPDH in
mitochondrial morphology and function also needs to be studied.
In summary, this is the first study describing detailed histologic and ultrastructural features of MMF hepatotoxicity. Despite
mild nonspecific histologic abnormalities, the allograft biopsies
revealed unequivocal mitochondrial abnormalities similar to those
seen in primary and secondary mitochondrial disorders. The mouse

study confirmed that MMF caused various stress changes in the
mitochondria. Although MMF is safe for the majority of patients,
MMF may stress mitochondria and the stress may trigger more
severe mitochondrial abnormality in a small subset. MMF hepatotoxicity should be considered for MMF-treated patients, either with
native or transplanted livers, who have unexplained, persistent LFT
abnormalities and nonspecific histologic changes. EM can play a
critical role in diagnosing these cases.
Acknowledgments: We would like to thank Alexander Navarro
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