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Rare data reported tacrolimus-induced liver injury (tac-DILI) in real world. We
performed a nested case-control analysis of 1,010 renal transplant recipients.
Recipients with tac-DILI were randomly matched at a ratio of 1:4 by the year of
admission to the remaining recipients without tac-DILI to explore risk factors. The
incidence of tac-DILI was 8.9% (95% CI = 7.2–10.7%). Themost common type was
cholestatic pattern (6.7%, 95% CI = 5.2–8.3%), followed by hepatocellular (1.6%,
95% CI = 0.8–2.4%) and mixed patterns (0.6%, 95% CI = 0.1–1.1%). 98.9% of
recipients with tac-DILI have mild severity. The latency period were 42.0 (range,
21.5–99.8 days), 14.0 (range, 9.0–80.3 days), 16.0 (range, 11.5–24.5 days), and
49.0 days (range, 28.0–105.6 days) for total, hepatocellular, mixed, and cholestatic
patterns, respectively. Baseline ALP level (OR = 1.015, 95% CI = 1.006–1.025, p =
0.002), age (OR = 0.971, 95% CI = 0.949–0.994, p = 0.006), and body weight
(OR = 0.960, 95% CI = 0.940–0.982, p < 0.001) were independent risk factors. In
conclusion, cholestatic pattern represents the most frequent type of tac-DILI.
Young age, low body weight and abnormal baseline ALP level were risk factors.
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1 Introduction

The prevalence of end-stage renal disease is increasing annually, and renal transplantation,
rather than dialysis, is the optimal treatment option in terms of patient outcome. Standard
maintenance immunosuppression regimens following renal transplantation commonly
include calcineurin inhibitors (CNI), cyclosporine A or tacrolimus, mycophenolate mofetil
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(MMF), and corticosteroids (Bodell, 2015). Over the past few decades,
tacrolimus has been the cornerstone of immunosuppressive therapy
following transplants because it has proven to be effective in
preventing acute rejection and maintaining graft function (Pirsch
et al., 1997; Gonwa et al., 2003; Silva et al., 2007; Min et al., 2013).
Moreover, tacrolimus is recommended as the first-line CNI in patients
following renal transplantation by Kidney Disease: Improving Global
Outcomes (KDIGO) clinical practice guidelines (Kasiske et al., 2010).
However, the use of tacrolimus is associated with a variety of adverse
reactions, such as nephrotoxicity, neurotoxicity, post-transplant
diabetes mellitus, and hepatotoxicity, which may lead to poor
prognosis in patients, with adverse symptoms ranging from milder
ones such as headache and weight gain to more severe effects such as
loss of renal function (Wijdicks, 2001; Nankivell et al., 2003;
Rodriguez-Rodriguez et al., 2021).

To date, limited data have been published on tacrolimus-
induced liver injury (tac-DILI), and the reference of tac-DILI is
still limited to the drug label, for which the data originated from pre-
marketing clinical trials. In the real-world, only few studies on tac-
DILI have been reported. For example, one study reported that
tacrolimus eventually resulted in cholestatic jaundice 60 days post-
liver transplantation with increases in both alkaline phosphatase
(ALP) and total bilirubin (TBIL) levels (Taniai et al., 2008). Another
study showed that liver enzyme levels increased significantly 12 days
post-renal transplantation, with aspartate aminotransferase (AST)
elevated to 421 U/L, alanine aminotransferase (ALT) at 1242 U/L,
and serum TBIL levels within the normal range (Mesar et al., 2013).
Today, increasing accessibility to digital health data owing to the
transition to electronic health records, together with the rising costs
and known limitations of traditional clinical trials, real-world data
offer enhanced research efficacy, which bridges the evidentiary gap
between clinical research and practice (Corrigan-Curay et al., 2018).

Therefore, we aimed to investigate the clinical features of tac-
DILI, including incidence, liver injury type, latency time, prognosis,
and risk factors in renal transplant patients, in a real-world setting,
which may serve as a reference for the diagnosis, prevention, and
treatment of tac-DILI.

2 Methods

2.1 Study population and follow-up

This was a nested case-control study. Patients who had received
renal transplantation between 1 January 2016, and 31 December 2021,
were identified from the electronicmedical records at the First Affiliated
Hospital, Sun Yat-sen University. The electronic medical records
contained detailed demographic, clinical, laboratory, imaging, and
histologic (when available) data recorded both at presentation and at
follow-up evaluation of the patients. The inclusion criteria were as
follows: 1) age (no bar) and 2) receiving tacrolimus as a maintenance
immunosuppressive agent for the first-time post-transplantation. The
exclusion criteria were as follows: 1) secondary renal transplantation; 2)
incomplete laboratory data (lack of data obtained within 7 days prior to
tacrolimus medication or lack of follow-up liver function tests); 3)
patients receiving tacrolimus therapy prior to admission without
baseline data; 4) abnormal liver enzyme levels that reached the liver
injury standards prior to medication or within 3 days post-surgery; 5)

patients with malignancy, hepatic hemangioma, active hepatitis, or
other underlying liver disease at admission. The study was approved by
the Ethics Committee for Clinical Research and Animal Trials of the
First Affiliated Hospital of Sun Yat-sen University (No. 2021199). This
study was carried out in accordance with the requirements of the
Declaration of Helsinki. No donor organs had been obtained from
executed prisoners and that organs were procured after informed
consent or authorization.

2.2 Case-control selection

Patients with tac-DILI were identified using the Roussel Uclaf
causality assessment method (RUCAM). The date on which the
liver met the criteria for injury was defined as the index date. We
chose a risk-set sampling approach that patients with tac-DILI
were randomly matched with the remaining patients without tac-
DILI at a ratio of 1:4 by year of admission to identify risk factors.
For each new tac-DILI case, a control patient was randomly
extracted from the risk-set cohort in the same year. Random
matching method adopted extraction from a random number
table.

2.3 Diagnostic criteria for tac-DILI

According to the European association for the study of the liver
(EASL) clinical practice guidelines (CPG) of DILI(EASL, 2019),
patients meeting the following criteria were defined as suspected
DILI cases: 1) ALT ≥5× upper limit of normal (ULN); 2) ALP ≥2×
ULN, particularly with accompanying elevations in concentrations
of gamma-glutamyl transferase (GGT) in the absence of known
bone pathology driving the rise in ALP level; and 3) ALT ≥3× ULN
and TBIL ≥2× ULN. For patients with abnormal liver enzyme levels
prior to tacrolimus treatment, the ULN was replaced by the baseline
values, and elevations were calculated proportionate to the modified
baseline.

For patients who met the criteria for liver injury, we examined
alternative causes of hepatitis in detail, including hepatitis A virus,
hepatitis B virus, hepatitis C virus, Epstein-Barr virus or
cytomegalovirus based on serological evidence and biliary
stricture, hepatic artery thrombosis, portal/hepatic venous
stenosis or thrombosis based on imaging evidence. Furthermore,
we also assessed the possibility of concomitant agents that may
contribute to DILI, including dose, the dates of the start and
discontinuation of therapy, the date of onset of the first
abnormal laboratory test result, the initial laboratory results at
presentation and the liver histology results.

2.4 Causality assessment of tac-DILI

All patients with alternative causes of liver injury were excluded.
The others were assessed using the RUCAM scale, and the
evaluation criteria were as follows: 1) 1–2, unlikely; 2) 3–5,
possible; 3) 6–8, probable; and 4) ≥ 8, highly probable. After the
independent causality assessment, the suspected tac-DILI cases were
reviewed carefully between two pharmacists and one clinician to
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ensure agreement (by consensus) on all assessments. Patients with a
score of ≥3 were included in the DILI group.

2.5 Classification of tac-DILI patterns and
severity

According to the EASL CPG of DILI, patients with DILI were
categorized into three patterns based on the ratio R): 1)

hepatocellular pattern: ALT alone is elevated ≥ 5-fold above the
ULN or R ≥ 5; 2) cholestatic pattern: ALP alone is elevated ≥ 2-fold
above the ULN or R ≤ 2; 3) mixed pattern: R > 2 to <5. The R value
was calculated on the day when the peak liver enzyme value met the
DILI standard (R = [ALT present/ALT baseline]/[ALP present/ALP
baseline]).

The severity of DILI is classified into four grades: 1) grade 1
(mild): ALT ≥5 or ALP ≥2 and TBL <2 ULN; 2) grade 2 (moderate):
ALT ≥5 or ALP ≥2 and TBL ≥2 ULN, or symptomatic hepatitis; 3)

FIGURE 1
Study flow diagram.

FIGURE 2
Incidence of total and different patterns of tacrolimus-induced liver injury.

Frontiers in Pharmacology frontiersin.org03

Lv et al. 10.3389/fphar.2023.1126765

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1126765


TABLE 1 Characteristics and outcomes of tacrolimus-induced liver injury.

Variables Total
(n = 90)

Pattern of liver injury

Hepatocellular
(=16)

Mixed
(n = 6)

Cholestatic
(n = 68)

Causality assessment

possible, n (%) 59 (65.6%) 11 (68.8%) 3 (50.0%) 45 (66.2%)

probable, n (%) 31 (34.4%) 5 (31.2%) 3 (50.0%) 23 (33.8%)

Severity

Mild 89 (98.9%) 16 (100%) 6 (100%) 67 (98.5%)

Moderate 1 (1.1%) 0 (0.0%) 0 (0.0%) 1 (1.5%)

Severe 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

Fatal/transplantation 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

Latency time of abnormal liver enzyme,
median (IQR), days

15.0 (9.0–18.0) 10.0 (5.0–63.8) 15.0 (7.5–23.0) 15.5 (9.0–26.0)

Latency time of liver injury, median (IQR),
days

42.0 (21.5–99.8) 14.0 (9.0–80.3) 16.0 (11.5–24.5) 49.0 (28.0–105.6)

Adjustment measure of tacrolimus

Withdrawal/change 3 (3.3%) 0 (0.0%) 0 (0.0%) 3 (4.3%)

Dose reduction 79 (87.8%) 15 (93.8%) 3 (75.0%) 61 (87.1%)

Without dose adjustment 8 (8.9%) 1 (6.2%) 1 (25.0%) 6 (8.6%)

Concomitant immunosuppressive medication during liver injury

Glucocorticoids 84 (93.3%) 15 (93.8%) 6 (100%) 63 (92.6%)

Mycophenolate Mofetil/
Mycophenolate Sodium

88 (97.8%) 15 (93.8%) 6 (100%) 67 (98.5%)

Mizoribine 2 (2.2%) 1 (6.2%) 0 (0.0%) 1 (1.5%)

C0 of tarolimus during liver injury, median
(IQR), μg/L

6.8 (5.9–9.6) 8.0 (6.3–10.5) 9.9 (6.55–16.95) 6.7 (5.9–9.1)

<6 μg/L, n (%) 23 (25.6%) 3 (18.75%) 1 (16.7%) 19 (30.0%)

6–12 μg/L, n (%) 55 (61.1%) 12 (75%) 3 (50.0%) 40 (58.8%)

>12 μg/L, n (%) 5 (13.3%) 1 (6.25%) 2 (33.3%) 9 (13.2%)

hepatoprotective agents

Anti-inflammatory agents 20 (22.2%) 8 (50.0%) 1 (16.7%) 11 (16.2%)

Liver membrane protectors 19 (21.1%) 9 (56.3%) 4 (66.7%) 6 (8.8%)

Antioxidants 29 (32.2%) 9 (56.3%) 5 (83.3%) 15 (22.1%)

Cholagogue 6 (6.7%) 2 (12.5%) 1 (16.7%) 3 (4.4%)

Antidotes 8 (8.9%) 4 (25.0%) 2 (33.3%) 2 (2.9%)

Outcome of liver injury

Recovery 34 (37.8%) 12 (75.0%) 4 (66.7%) 18 (26.5%)

Improvement 35 (38.9%) 4 (25.0%) 2 (33.3%) 29 (42.6%)

No improvement 15 (16.7%) 0 (0.0%) 0 (0.0%) 15 (22.1%)

Deterioration 6 (6.7%) 0 (0.0%) 0 (0.0%) 6 (8.8%)

Time to recovery, median (IQR), days 65.0
(16.8–397.8)

22.0 (12.3–28.8) 8.0 (4.5–70.0) 390.5 (199.0–604.3)
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TABLE 2 Characteristics between patients with and without tacrolimus-induced liver injury.

Characteristics DILI group
(n = 90)

Non-DILI group
(n = 360)

p-Value

Age, median (IQR), year 16.0 (9.0–37.3) 39.0 (30.0–49.8) 0.000

≤18 years, n (%) 48 (53.3%) 28 (7.8%) 0.000

>18 years, n (%) 42 (46.7%) 332 (92.2%)

Sex, n (%)

Male 46 (51.1%) 233 (64.7%) 0.017

Female 44 (48.9%) 127 (35.3%)

Weight, median (IQR), kg 41.5 (21.6–55.2) 58.5 (50.0–60.0) 0.000

BMI, median (IQR), kg/m2 17.6 (14.3–20.9) 21.5 (19.0–13.7) 0.000

<18.5 kg/m2 50 (55.6%) 34 (9.4%) 0.000

18.5–24 kg/m2 30 (33.3%) 114 (31.7%)

>24 kg/m2 10 (11.1%) 32 (8.9%)

Ethnic groups, n (%) 0.542

Han 87 (96.7%) 352 (97.8%)

Other ethnic minorities 3 (3.3%) 8 (2.2%)

Blood type, n (%) 0.373

A 31 (34.4%) 91 (25.3%)

AB 8 (8.9%) 36 (10.0%)

B 22 (24.4%) 105 (29.2%)

O 29 (32.2%) 128 (35.6%)

Payment method, n (%) 0.405

Medical insurance 78 (86.7%) 323 (89.7%)

Self-paying 12 (13.3%) 37 (10.3%)

Underlying disease, n (%)

Diabetes mellitus 4 (4.4%) 33 (9.2%) 0.145

Hypertension 71 (78.9%) 305 (84.7) 0.182

Biochemical parameters baseline values

ALT [1–40 U/L], median (IQR), U/L 20.0 (10.1–26.0) 19.0 (12.0–26.0) 0.681

AST [1–37 U/L], median (IQR), U/L 24.0 (17.5–31.0) 18.0 (13.0–23.0) 0.000

ALP [0–110 U/L], median (IQR), U/L 94.0 (80.0–105.3) 71.0 (56.0–90.0) 0.000

ALB [35–50 g/L], median (IQR), g/L 42.0 (38.0–45.4) 42.7 (38.4–47.0) 0.111

TBIL [3.0–22.0 μmol/L], median
(IQR), μmol/L

9.0 (6.9–12.2) 9.7 (8.0–11.8) 0.116

CREA [53–115 μmol/L], median
(IQR), μmol/L

797.5 (590.0–990.3) 861.5 (688.0–1,096.5) 0.008

WBC [4.00-10.00 × 10̂9/L], median (IQR),
10̂9/L

8.2 (6.3–9.8) 7.5 (5.8–9.3) 0.052

RBC [4.00-5.50 × 10̂9/L], median (IQR),
10̂9/L

3.5 (3.0–4.2) 3.6 (3.1–4.1) 0.357

Hemoglobin [120–140 g/L], median (IQR),
g/L

102.0 (87.0–121.3) 105.0 (91.0–120.0) 0.451

(Continued on following page)
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grade 3 (severe): ALT ≥5 or ALP ≥2 and TBL ≥2 ULN, or
symptomatic hepatitis and one of the following criteria: a)
INR ≥1.5, b) ascites and/or encephalopathy, disease
duration <26 weeks, and absence of underlying cirrhosis, or c)
other organ failure due to DILI; and 4) grade 4 (fatal/
transplantation): death or liver transplantation due to DILI.

2.6 Outcomes of tac-DILI

We followed the prognosis of patients with tac-DILI, including
recovery, improvement, no improvement, and aggravation.
“Recovery” was defined as a decrease in liver enzyme levels to
the ULN or baseline value, ‘improvement’ was defined as a
decrease in liver enzyme levels below the criteria of liver injury
or baseline value, “no improvement” was defined as related liver
enzyme levels not decreasing below the criteria of liver injury or
baseline value, and “aggravation” was defined as liver enzyme levels
beyond the peak value.

2.7 Statistical analysis

Continuous variables were summarized as medians
(interquartile ranges, IQR). Categorical variables were presented
as numbers and proportions. Comparisons of baseline demographic
and clinical characteristics between cases and controls were
performed using the χ2 test for categorical variables and the
independent t-test or Mann-Whitney U test for continuous
variables. Variables with p < 0.1 in the univariate analysis were
analyzed using the logistic regression model. A backward stepwise
logistic regression model was used to analyze independent risk
factors for tac-DILI. Associations were expressed as odds ratios
(ORs) with 95% confidence intervals (CIs). Statistical significance
was set at p < 0.05. Data analysis was performed using IBM SPSS
statistics version 25 (SPSS Inc.) and GraphPad Prism 8 (GraphPad
Software).

3 Results

3.1 Study population

A total of 1,051 post-renal transplant recipients were enrolled in
the study. Among these, 41 recipients were excluded based on the

exclusion criteria. Of the 1,010 recipients enrolled, 99 met the liver
injury criteria and were assessed using RUCAM (Figure 1).

3.2 Clinical characteristics, severity, and
outcome of patients with tac-DILI

The clinical characteristics of patients with tac-DILI are shown
in Table 1 tac-DILI was confirmed in 90 patients, with an incidence
of 8.9% (95% CI = 7.2–10.7%). A total of 59 patients with RUCAM
scores of 3–5 was regarded as ‘possible’, and 31 patients with
RUCAM scores of 6–8 were regarded as ‘probable’. The
incidence of the different tac-DILI patterns is shown in Figure 2.
These cases were evaluated and classified according to their R values
at the time of liver injury. Among them, 16 presented with
hepatocellular pattern, 6 with mixed pattern, and 68 with
cholestatic pattern. A total of 89 tac-DILI cases showed mild and
one case showed moderate severity.

Latency time indicates both the time from the initial dosing to
the onset of liver enzyme abnormality and meeting the criteria of
liver injury in patients with tac-DILI. The median latency time of
liver enzyme abnormality was 15.0 (range, 9.0–18.0 days), 10.0
(range, 5.0–63.8 days), 15.0 (range, 7.5–23.0 days) and 15.5 days
(range, 9.0–26.0 days) for total, hepatocellular, mixed and
cholestatic patterns, respectively. The median latency time to
meet the criteria of liver injury was 42.0 (range, 21.5–99.8 days),
14.0 (range, 9.0–80.3 days), 16.0 (range, 11.5–24.5 days) and
49.0 days (range, 28.0–105.6 days) for total, hepatocellular, mixed
and cholestatic patterns, respectively (Table 1). Only three patients
(with cholestatic pattern) switched to cyclosporine A due to
tacrolimus intolerance. Dose reduction was performed in 79 tac-
DILI cases, including 15 cases with hepatocellular pattern, three case
with mixed pattern, and 61 cases with cholestatic pattern. Only eight
patients continued tacrolimus treatment without dose adjustment
following tac-DILI: one with hepatocellular pattern, one with mixed
pattern, and six with cholestatic pattern. For co-medication during
liver injury, 84 patients simultaneously received glucocorticoids and
88 received MMF.

The whole blood trough concentration (C0) of tacrolimus was
measured in patients with tac-DILI on the day of liver injury, and the
median value of C0 for the total population was 6.8 μg/L (range,
5.9–9.6 μg/L). However, when we compared the C0 values among
the different patterns of liver injury, no significant differences were
found. Furthermore, there was also no significant difference in C0 of
tacrolimus between patients with and without tac-DILI (Table 2).

TABLE 2 (Continued) Characteristics between patients with and without tacrolimus-induced liver injury.

Characteristics DILI group
(n = 90)

Non-DILI group
(n = 360)

p-Value

Hematocrit [42.0-49.0], median (IQR), % 30.2 (26.8–35.2) 31.6 (27.4–35.0) 0.305

Platelet [100–300 g/L], median (IQR), g/L 208.0 (165.8–259.0) 176.5 (143.0–222.0) 0.001

INR [0.80-1.15] 0.99 (0.94–1.1) 0.99 (0.94–1.05) 0.926

C0 of tacrolimus at the first discharge, median (IQR),
μg/L

7.6 (6.4–9.7) 7.9 (6.6–9.6) 0.545

Bold values represent p<0.05.
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Notably, 45 of the 90 patients with tac-DILI received
hepatoprotective agents, with antioxidants being used most
frequently, followed by anti-inflammatory agents, liver

membrane protectors, cholagogues, and antidotes (Table 1).
Regarding the outcomes of patients with tac-DILI, 34 recovered
and 35 showed improvement, but 15 patients showed no

FIGURE 3
Changes in laboratory test values between baseline and at tac-DILI onset post-tacrolimus treatment in patients with tac-DILI (n = 90). (A) ALT; (B)
AST; (C) ALP; (D) ALB; (E) TBIL; (F) CREA; (G) WBC; (H) RBC; (I) Hemoglobin; (J) Platelet; (K) INR. Horizontal bars represent the median value, boxes
represent the interquartile range and whiskers indicate the minimum and maximum value. Wilcoxon’s test was used to compare laboratory test values
between baseline and at tac-DILI onset post-tacrolimus treatment. *p<0.05. ALT: alanine aminotransferase; AST: aspartate aminotransferase; ALP:
alkaline phosphatase; ALB: albumin; TBIL: total bilirubin; CREA: creatinine;WBC:white blood cell; RBC: red blood cell; INR: international normalized ratio.
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improvement and six patients showed deterioration. In addition,
patients with hepatocellular pattern showed the highest rate of
recovery (75.0%) and outcomes except recovery were found to be
higher in patients with cholestatic pattern (46% improvement,
22.1% no improvement, and 8.8% deterioration). The median time
to recovery was 65.0 (range, 16.8–397.8 days), 22.0 (range,
12.3–28.8 days), 8.0 (range, 4.5–70.0 days), and 390.5 days
(range, 199.0–604.3 days) for total, hepatocellular, mixed and
cholestatic pattern, respectively.

3.3 Changes in biochemical parameters
associated with tacrolimus treatment

To further investigate whether other body functions were
affected by tacrolimus treatment in patients with tac-DILI,
various biochemical parameters were compared before and after
tacrolimus treatment. As shown in Figure 3, the median values of
ALT, AST, ALP, RBC, ALB, hemoglobin, and platelets increased
significantly following tacrolimus treatment, whereas those of CREA
and WBC decreased significantly.

3.4 Risk factors for tac-DILI

90 patients with tac-DILI were matched with 360 non-tac-
DILI patients; the characteristics of the tac-DILI and non-tac-
DILI groups are presented in Table 2. The significant predictors
of tac-DILI were subsequently introduced into the backward
stepwise logistic regression model. Independent risk factors
predicting tac-DILI were: ALP baseline (OR = 1.015, 95%
CI = 1.006–1.025, p = 0.002), age (OR = 0.971, 95% CI =
0.949–0.994, p = 0.006), and weight (OR = 0.960, 95% CI =
0.940–0.982, p < 0.001) (Figure 4).

4 Discussion

Currently, data on tac-DILI are limited to reports from pre-
marketing clinical trials and post marketing cases. To the best of our
knowledge, this is the first study to describe the incidence,
characteristics, prognosis, and risk factors of tac-DILI in renal
transplant recipients. This study was supported by real-world
data and included a relatively large sample size, which may

provide a more reliable reference for the prevention and
treatment of tac-DILI.

Administration of tacrolimus, cyclosporine A, and mTOR
inhibitors may cause liver injury in patients following liver
transplantation (Tischer and Fontana, 2014). A cohort study
from the United States analyzed the incidence, clinical
presentation, and outcomes of liver injury following liver
transplantation; immunosuppressive agents, including
azathioprine and tacrolimus, were regarded as inducers (Sembera
et al., 2012). However, there is a lack of definite causality assessment
conclusions for tac-DILI in this cohort study. Furthermore, liver
transplantation itself is a risk factor for liver injury, which may be a
confounding factor in identifying DILI (Zhenglu et al., 2007).
Nevertheless, the diagnosis of DILI has always been difficult
owing to the lack of diagnostic biomarkers and specific clinical
features; therefore, physicians need to rely on the diagnosis by
exclusion (EASL, 2019). Accordingly, the RUCAM scale was
adopted in our study, which demonstrated the feasibility of
identifying DILI (Teschke and Danan, 2016).

Triple immunosuppressive regimen including glucocorticoid,
MMF and tacrolimus is used in the renal transplant recipients for
the prevention of rejection. In our study, when the liver injury was
suspected related to the immunosuppressant, tacrolimus dose was
decreased or discontinued according to the concentration, and the
recovery or alleviation of liver injury was observed, but the doses of
glucocorticoid and MMF were maintained unchanged. Besides,
more cases of liver injury were reported related to CNIs
including tacrolimus in transplant recipients, as compared to low
dose of glucocorticoid and MMF. Thus, we believed that tacrolimus
may be a main factor causing the DILI. However, the co-
administration of glucocorticoid and MMF may also potentially
prompt the liver injury, and the result in this study may be better
referenced for the transplant population.

In our study, the incidence of tac-DILI was 8.9%, which was
in accordance with that described on the drug label (1%–10%,
defined as common). Meanwhile, it is reported that tacrolimus
therapy is associated with mild to moderate elevations in serum
enzyme levels in 5%–10% of patients according to LiverTox
(www.livertox.nih.gov) (LiverTox, 2012). However, no criteria
for liver injury have been defined and no specific data support
tac-DILI. The latency time of DILI varies from days to years
(EASL, 2019). Even for the same drug, there was a difference in
latency time among the different patterns of liver injury (Jiang
et al., 2021). As observed in our study, the cholestatic pattern had
the longest latency time, followed by the mixed and
hepatocellular patterns. Furthermore, the latency time of
abnormal liver enzymes in patients with DILI was significantly
shorter than that of liver injury, which indicated that potentially
idiosyncratic hepatotoxicity induced by tacrolimus possibly
occurred prior to when the criteria for DILI were met. The
reasons for this difference remain unclear but may be related
to the mechanism of tacrolimus-induced hepatotoxicity, such as
idiosyncratic metabolic or immunologic reactions (Ferjani et al.,
2016; Hoofnagle and Bjornsson, 2019). As we could see in the
results, there were only one case of moderate tac-DILI and
89 mild, and no moderate-severe, severe and fatal cases of tac-
DILI, which was consistent with results shown on LiverTox. On
the one hand, this may be attributed to the concomitant low

FIGURE 4
Independent risk factors for tacrolimus-induced liver injury.
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elevated level of TBIL in patients with tac-DILI. On the other
hand, this may be due to timely dose reduction and use of
hepatoprotective agents.

Generally, the patterns may be related to prognosis. Although
a study showed that there was no significant association between
the type of liver injury and recovery time (Medina-Caliz et al.,
2016), most studies suggest that cholestatic and mixed patterns of
liver injury require a longer recovery time (Andrade et al., 2006;
Bjornsson et al., 2007), which is consistent with the results of our
study. Most patients with tac-DILI had a cholestatic pattern
(75.6%); however, their recovery rate (26.5%) was significantly
lower than that of patients with a hepatocellular (75.0%) and
mixed (66.7%) patterns. Similarly, previous studies have also
suggested that a prolonged disease course occurs more
commonly in patients with cholestatic pattern (Chalasani
et al., 2015). Most patients with tac-DILI have mild liver
injury. On the one hand, this may be attributed to early
detection and intervention, including withdrawal and dose
reduction of tacrolimus and use of hepatoprotective agents.
On the other hand, the liver injury caused by tacrolimus may
be self-limiting (LiverTox, 2012).

Additionally, the present study is the first to report that tac-
DILI tends to occur at a younger age. Drug use is recognized as a
cause of pediatric liver disease, but little is known about DILI in
children and adolescents (Ferrajolo et al., 2010; Ye et al., 2021). Age
distribution analysis showed that 15.2% and 53.3% of non-tac-
DILI and patients with tac-DILI, respectively, were ≤18 years of
age. Owing to incomplete maturity of vital functions, children
show significant differences in drug absorption, distribution,
metabolism, and excretion compared to adults (Anderson,
2002), which may make children more susceptible to DILI. Low
body weight is also an independent risk factor for tac-DILI.
Physiological factors, such as body weight and organ volume,
can affect drug clearance, which is associated with DILI.
Moreover, allometric models that account for differences in
body weight and age have been adopted to predict drug
clearance (Mahmood, 2015; Shi et al., 2017).

The current study has some limitations. First, the study is
susceptible to some bias because of the retrospective nature of
the study and the results relied on the accuracy of the electronic
medical records. Additionally, all the patients included in the study
were from the post-renal transplantation population, which, while
ensuring homogeneity and consistency in clinical practice, may
reflect a specific case mix of post-renal transplantation instead of
patients in other disease populations.

In conclusion, a relatively higher incidence of tac-DILI was
found in renal transplant patients based on real-world data, and the
most common liver injury type was of the cholestatic subtype.
Young age, low body weight, and abnormal baseline ALP levels
are independent risk factors for tac-DILI.
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