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Liver biochemical indexes 
and cholesterol metabolism 
in cystic fibrosis patients 
with F508del/CFTR variant 
genotype after elexacaftor/
tezacaftor/ivacaftor treatment
Alice Castaldo 1,2,3,4,8, Paola Iacotucci 5,8, Sveva Bagnasco 3, Cristina Fevola 4, 
Vincenzo Carnovale 6, Fabio Antonelli 2, Gustavo Cernera 3,7, Monica Gelzo 3,7* & Vito Terlizzi 4

Modulators of cystic fibrosis transmembrane conductance regulator (CFTR) improved cystic fibrosis 
(CF) patients’ outcome. The elexacaftor/tezacaftor/ivacaftor (ETI) combination was safe and effective 
improving lung function in patients with different CFTR genotypes, including at least one F508del 
mutation. However, cases with liver damage were reported. We describe 105 CF patients heterozygous 
for F508del in trans with another CFTR mutation, treated for 1 year with ETI. We analyzed liver 
biochemical parameters and cholesterol metabolism, including lathosterol and phytosterols, 
surrogate markers of cholesterol de-novo synthesis and absorption, respectively. The treatment 
significantly improved sweat chloride, body mass index and forced expiratory volume in 1 s, whereas 
it caused a significant increase of total and conjugated bilirubin, ALT and GGT, even if no patients 
developed CF liver disease. Such alterations were less relevant than those previously observed in 
ETI-treated F508del homozygous patients. Furthermore, ETI treatment significantly increased serum 
cholesterol by enhancing its absorption (correlation between serum cholesterol and phytosterols). 
Whereas, we observed a normalization of de-novo biosynthesis (lathosterol reduction) that was 
not observed in homozygous patients. These data suggest that the second mutation in trans with 
the F508del contributes to reduce the liver cholesterol accumulation and thus, the triggering of 
liver inflammation. However, no differences in the alteration of biochemical indexes were observed 
between CF patients with and without liver steatosis, and between patients with different mutations 
in trans with the F508del. Such data suggest to further investigate the effects of ETI therapy on liver 
function indexes and new predictive biomarkers.
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Abbreviations
aCFLD	� Advanced CFLD
ALT	� Alanine aminostransferase
AP	� Alkaline phosphatase
BMI	� Body mass index
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CF	� Cystic fibrosis
CFLD	� CF liver disease
CFTR	� Cystic fibrosis transmembrane conductance regulator
ETI	� Elexacaftor/tezacaftor/ivacaftor
GGT​	� Gamma-glutamyltransferase
IQR	� Interquartile range
ppFEV1	� Forced expiratory volume in 1 s
SC	� Sweat chloride

The morbidity and outcome of patients with cystic fibrosis (CF) significantly improved in the last decade also 
thanks to modulators which rescue the amount and the activity of cystic fibrosis transmembrane conductance 
regulator (CFTR) mutated protein. Various combinations of such mutation-targeted drugs can be used and 
in vitro and ex-vivo models like organoids1 or nasal epithelial cells2,3 help in predicting the responsivity to 
modulators of patients with different CFTR genotypes. Thus, the number of CF patients that may benefit from 
molecular drugs increased, including patients with rare4 or one unknown CFTR variants5,6, but also patients 
with at least one allele bearing the most frequent F508del variant, that impairs CFTR trafficking and processing7.

The combination of elexacaftor/tezacaftor/ivacaftor (ETI) corrects the CFTR misfolding and enhances its 
activity7,8. Such combination resulted safe9 and effective already after 24 weeks10,11 improving sweat chloride (SC) 
levels and lung functional and imaging parameters12,13. The treatment with ETI is effective both in CF patients 
homozygous14 and heterozygous15,16 for the F508del in trans with a minimal function variant16.

Previous studies described only few cases of liver disease that contraindicate the continuation of therapy11,12, 
but mild cytolysis17,18, hyperbilirubinemia, particularly in patients with Gilbert19, and cases of liver injury were 
reported20–23. Recently, we studied 64 CF patients homozygous for the F508del variant. One year of treatment 
with ETI caused the significant increase of serum bilirubin and alanine aminotransferase (ALT) in about 94% 
and 84% of patients, respectively, although none had values higher than 3 times the upper reference limit, and in 
none appeared clinical or instrumental evidence of liver disease24. The altered indexes of liver function may be 
related to the dysfunction of cholesterol metabolism in CF patients with the F508del CFTR genotype. In fact, the 
impaired absorption of cholesterol25,26 causes the increase of de-novo synthesis of cholesterol in the liver. Such 
synthesis does not correct hypocholesterolemia because the F508del mutant CFTR impairs the blood release of 
cholesterol causing its accumulation in the liver and the subsequent liver inflammation, as we observed in the 
mouse model of CF27.

Thus, we studied 105 patients with CF followed in two CF Regional Centre (i.e., Campania and Tuscany 
regions), all with a F508del in trans with a second different CFTR variant, treated for 1 year with ETI. The aim 
was to evaluate the impact of the treatment on liver biochemical parameters and on the metabolism of cholesterol, 
and to verify whether the effects of ETI would be related to the CFTR genotype.

Results
As shown in Table 1, the values of BMI and ppFEV1 significantly enhanced after 1 year of treatment with 
ETI as compared to baseline values. Serum ALT, total and conjugated bilirubin and GGT were significantly 
enhanced after 1 year of treatment, while serum AP levels were not significantly modified. Furthermore, serum 
total cholesterol (as like as LDL cholesterol) were significantly enhanced after 1 year of treatment, while HDL 
cholesterol as like as triglycerides were not significantly modified. Serum lathosterol was significantly reduced, 
while cholestanol and phytosterols serum levels were not modified; these latter values were significantly related 
to those of serum total cholesterol.

As shown in Table 2, comparing the data at baseline and after 1 year of therapy with ETI in patients which 
had a second variant of class I–III and those that had a second variant of class IV–VI, the values of SC at baseline 
were significantly higher in patients with a class I–III variant; the treatment caused a significant reduction of SC 
in both the subgroups with no significant difference of the percent differences (delta) between them. The values 
of ppFEV1 did not significantly differ between the two subgroups at baseline; the treatment caused a significant 
increase of ppFEV1 in both the subgroups, with a significant, more relevant increase of the delta in patients 
with a class I–III variant. Both serum total bilirubin and ALT did not differ between the two subgroups of CF 
patients at baseline; both the values significantly enhanced after the treatment with no significant differences 
of the delta between the two subgroups. Furthermore, the values of SC were significantly higher at baseline in 
patients with steatosis at baseline as compared to those free from steatosis; the treatment caused a significant 
reduction of SC in both the subgroups with no significant difference of the delta between them. The values of 
ppFEV1 did not significantly differ between the two subgroups at baseline; the treatment caused a significant 
increase of ppFEV1 in both the subgroups, with a significantly higher difference in patients with liver steatosis. 
Both serum total bilirubin and ALT did not differ between the two subgroups of CF patients at baseline; both 
the values significantly enhanced after the treatment with no significant differences of the delta between the two 
subgroups of CF patients.

Table 3 shows the number and percentage of different subgroups of CF patients heterozygous for F508del in 
trans with another CFTR variant, that showed an increase of serum total bilirubin and ALT after the treatment. 
Such data were compared with those obtained in 63 patients homozygous for F508del variant treated with ETI 
for 1 year, previously described by our group24. As it is shown in the Table 3, for each subgroup of patients 
heterozygous for the F508del variant the percentage of cases in which serum total bilirubin or ALT were increased 
after 1 year of treatment was significantly lower as compared to the same percentage obtained in patients 
homozygous for the F508del variant after 1 year of treatment24. The lone exception was the percentage of cases 
with increased serum ALT among patients heterozygous for the F508del and a class IV–VI variant.
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Finally, Fig. 1 shows the trend of serum values of total bilirubin (panel A) and ALT (panel B) at baseline and 
after 1 year of treatment with ETI in CF patients with different variants. Among the 4 patients with the D1152H 
variant in trans with the F508del, 3 out of 4 showed an increase of serum total bilirubin and 2 out of 4 showed 
an increase of ALT. Similarly, 8 out of 9 patients with a large CFTR gene deletion, showed an increase of serum 
total bilirubin and 4 out of 9 an increase of ALT. Such figures were 11 out of 14 for both serum total bilirubin 
and ALT in patients with the N1303K variant, and finally, 7 out of 8 and 5 out of 8, respectively, for patients with 
the W1282X variant.

Discussion
The data from the present study were obtained from 105 CF patients heterozygous for the F508del in trans with 
another CFTR variant followed in two different regional Centre, treated for 1 year with ETI. The treatment 
resulted safe, and no cases of interruption were recorded. Furthermore, SC was significantly reduced, while both 
BMI and ppFEV1 significantly improved. Such results did not differ significantly in the subgroups of patients of 
our study, i.e., patients with a class I–III or a class IV–VI CFTR variant in trans with the F508del and patients 
with and without steatosis before the treatment. On the other hand, all previous studies9–13,15, including our 

Table 1.   Anthropometric and biochemical parameters in 105 CF patients heterozygous for the F508del and 
another CFTR mutation at baseline and after 1 year of ETI therapy. Data are reported as median (interquartile 
range). FEV forced expiratory volume, ALT alanine aminotransferase, GGT​ gamma-glutamyltransferase, LDL 
low-density lipoprotein, HDL high-density lipoprotein.

Baseline 1 year of ETI p

Body mass index (kg/m2) 21.0 (19.9–22.6) 23.0 (21.0–24.6) < 0.001

FEV 1 (%) 58.5 (37.0–80.0) 74.0 (50.3–93.0) < 0.001

Liver parameters

 ALT (U/L) 20 (12–28) 24 (18–35) < 0.001

 Total bilirubin (mg/dL) 0.50 (0.31–0.67) 0.74 (0.59–1.10) < 0.001

 Conjugated bilirubin (mg/dL) 0.20 (0.15–0.30) 0.30 (0.2–0.4) < 0.001

 GGT (U/L) 15 (10–13) 16 (13–23) 0.028

 Alkaline phosphatase (U/L) 95 (74–125) 101 (81–126) 0.15

Lipid metabolism

 Total cholesterol (mg/dL) 140 (119–158) 156 (138–178) < 0.001

 LDL cholesterol (mg/dL) 74 (53–90) 88 (74–103) < 0.001

 HDL cholesterol (mg/dL) 53 (41–67) 51 (44–65) 0.087

 Triglycerides (mg/dL) 76 (62–92) 75 (61–103) 0.63

 Cholestanol (mg/dL) 0.33 (0.24–0.41) 0.36 (0.28–0.42) 0.09

 Phytosterols (mg/dL) 0.40 (0.27–0.64) 0.45 (0.32–0.59) 0.36

 Lathosterol (mg/dL) 0.37 (0.27–0.48) 0.30 (0.22–0.41) 0.01

Table 2.   Sweat chloride, FEV1, serum total bilirubin and ALT in subgroups of patients with CF at baseline 
and after 1 year treatment with ETI.

Patient 
subgruops

Sweat chloride (mEq/L) FEV1 Total Bilirubin (mg/dL) ALT

Baseline

After 
1 year 
of ETI p

Delta 
(% of 
baseline) Baseline

After 
1 year 
of ETI p

Delta 
(% of 
baseline) Baseline

After 
1 year 
of ETI p

Delta 
(% of 
baseline) Baseline

After 
1 year 
of ETI p

Delta 
(% of 
baseline)

F508del/
class I-III 
mutation 
(n = 74)

94 
(74–111)

48 
(36–
65)

< 0.001 54 
(64–35)

56 
(36–78)

71 
(49–
91)

< 0.001 27 
(11–45)

0.49 
(0.31–
0.60)

0.70 
(0.55–
1.13)

< 0.001 50 
(24–100)

22 
(13–29)

26 
(18–
39)

< 0.001 29 
(10–81)

F508del/
class IV-VI 
mutation 
(n = 22)

57 
(30–76)

32 
(15–
39)

0.028 59 
(67–47)

63 
(46–89)

82 
(65–
96)

< 0.001 13 (5–22)
0.60 
(0.40–
0.79)

0.89 
(0.67–
1.10)

0.008 42 
(20–84)

13 
(11–24)

23 
(19–
27)

0.021 85 
(14–151)

p < 0.001 0.021 0.582 0.089 0.197 0.019 0.072 0.227 0.635 0.159 0.613 0.065

Liver 
steatosis 
(n = 34)

95 
(74–111)

41 
(36–
54)

< 0.001 57 
(63–45)

60 
(36–76)

79 
(59–
91)

< 0.001 26 
(15–60)

0.50 
(0.31–
0.70)

0.70 
(0.57–
1.10)

< 0.001 50 
(25–90)

24 
(13–35)

30 
(20–
47)

0.005 32 
(10–100)

No liver 
steatosis 
(n = 71)

74 
(64–99)

48 
(29–
64)

< 0.001 52 
(71–39)

56 
(37–81)

72 
(50–
95)

< 0.001 17 (7–38)
0.50 
(0.30–
0.62)

0.76 
(0.60–
1.11)

< 0.001 57 
(25–115)

18 
(12–26)

23 
(18–
32)

< 0.001 33 
(6–100)

p 0.049 0.688 0.548 0.619 0.772 0.047 0.701 0.853 0.602 0.255 0.068 0.709
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recent report on 63 patients homozygous for the F508del variant24 concord on the relevant clinical impact of 
ETI therapy on SC, BMI, and pulmonary function.

However, the ETI therapy seems to worsen the biochemical parameters of liver metabolism, although none 
had values higher than 3 times the upper reference limit, and none developed CFLD. In fact, 1 year of treatment 
with ETI caused the enhancement of both total and conjugated serum bilirubin, that depends on the bile loss 
at intestinal level and on the enhanced reabsorption of conjugated bilirubin typical of CF or, more likely, on the 
inhibition of OATP1B1 and 1B3 by ETI19. Furthermore, we observed enhanced liver cytolysis with the significant 
increase of ALT. While, differently from the results obtained on F508del homozygous patients24, in the present 
study we lack to observe the increase of serum AP and cholestanol after 1 year of ETI treatment, thus excluding 
the involvement of the intrahepatic biliary three.

Nevertheless, the percentage of patients with the increase of serum bilirubin or serum ALT is significantly 
lower as compared to that obtained among patients homozygous for the F508del variant24 and the percentage 
of increase of such serum parameters after the treatment is lower, suggesting a less severe impact of the therapy 
on liver function. We postulated that the alteration of liver biochemical parameters observed in CF patients 
homozygous for the F508del variant would depend on the enhanced de-novo biosynthesis24 and the subsequent 
intracellular accumulation of cholesterol at endosome level27, as consequence of the misassembled F508del CFTR 
protein28. The accumulation of liver cholesterol triggers inflammation as we demonstrated in the mice model 

Table 3.   Number and percentage of CF patients heterozygous for the F508del and another mutation which 
showed an increase of serum total bilirubin and ALT after 1 year of ETI treatment in comparison with patients 
homozygous for the F508del mutation previously studied.

Patients n

Increased 
total 
bilirubin Chi square

Increased 
ALT Chi square

n % n %

All heterozygous for the F508del and another CFTR mutation 105 82 78.1 0.008 66 62.9 0.003

Heterozygous for the F508del and a class I–III CFTR mutation 74 59 71.7 0.019 45 60.8 0.002

Heterozygous for the F508del and a class IV–VI CFTR mutation 22 16 72.7 0.009 16 72.7 0.239

With liver steatosis 34 27 79.4 0.035 19 55.9 0.002

With no liver steatosis 71 55 77.5 0.009 46 64.8 0.011

F508del homozygous24 63 59 93.6 – 53 84.1 –

Figure 1.   serum levels of total bilirubin (A) and ALT (B) in CF patients with different CFTR variants in trans 
with the F508del before and after 1 year of treatment with ETI.
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of CF27 and may contribute to worsen liver function. The data of the present study on patients heterozygous 
for the F508del variant reinforce such hypothesis. In fact, we observed both the alteration of liver biochemical 
parameters, and the increase of serum cholesterol after ETI treatment, although less relevant of those obtained 
in F508del homozygous patients. Differently from patients homozygous for the F508del variant, the increase of 
serum cholesterol after 1 year of treatment that we observed in the present study was due to the enhanced absorp-
tion, as confirmed by the significant correlation between serum cholesterol and phytosterols, whereas de novo 
synthesis was reduced (as confirmed by the significant reduction of serum lathosterol after 1 year of treatment). 
The patients from the present study have a single F508del allele and the second variant in trans, differently from 
F508del, does not cause the misassembling of the CFTR protein with the consequences of intracellular trapping 
of cholesterol and liver inflammation and damage.

However, none of the parameters that we considered in the present study (i.e., the class of the variant in 
trans with the F508del, the presence of liver steatosis before the treatment and the CFTR variant in trans with 
the F508del) was useful to predict the patients that would develop the liver biochemical alterations after ETI 
treatment. Thus, the pathogenic mechanisms that cause the impairment of liver biochemical indexes must be 
further clarified and predictive biomarkers should be searched.

To conclude: the present study included a large number of CF patients with the F508del in trans with another 
CFTR variant, recruited and studied independently in two regional CF Centre. The main limit of the study is 
that the patients performed a single year of treatment with ETI since the use of such combination was recently 
approved for the treatment of CF patients with these genotypes. We observed an increase of serum bilirubin and 
ALT in about two thirds of patients, although none had values higher than 3 times the upper reference limit, and 
none developed CFLD. Although such alterations were less relevant of those previously identified in patients 
homozygous for the F508del variant, we suggest to further study the molecular impact of the ETI therapy on 
liver function indexes and to search for predictive biomarkers of such impact.

Methods
Patients
We followed the same criteria and methodology of our previous study on CF patients homozygous for the F508del 
variant24. The study was approved by the Ethical committee of the CF regional Centre of Tuscany (Ethics Clear-
ance number 63/2023) and of Campania (Ethics Committee number 77/2021). Inclusion criteria included the 
F508del in trans with and another CFTR variant, and at least 1 year of treatment with ETI. Exclusion criteria 
included mechanical ventilation, advanced CF liver disease (aCFLD) according to Sellers et al.29, history of 
transplantation, drug or alcohol abuse in the past year, pregnancy. The study included 105 patients with CF. Of 
these, 59 were recruited at the regional Centre of Campania (median age 31 years, IQR: 25–42 years, 30 females) 
and 46 were recruited at the regional Centre of Tuscany (median age 31 years, IQR: 24–45 years, 19 females). The 
CFTR genotype of each patient was analyzed by CFTR gene sequencing30 and for large gene rearrangements31. 
Forced expiratory volume in 1 s (ppFEV1), was expressed as the percentage of predicted value for age32. Liver 
disease was evaluated by clinical, biochemical or ultrasonographic evaluation33 recorded in two consecutive 
examinations within a 3-month period, in the absence of other causes of congenital or acquired chronic liver 
disease. Body mass index was evaluated as previously described34.

Biochemical parameters
Serum cholesterol, HDL and LDL cholesterol, triglycerides, total and conjugated bilirubin, alkaline phosphatase 
(AP), ALT, and gamma-glutamyltransferase (GGT) were evaluated on serum within one hour from the blood 
sampling by automated analyzers using standard procedures. For all patients, the samples collected at the dif-
ferent times were analyzed in the same laboratory. Serum lathosterol, phytosterols and cholestanol levels were 
analyzed by gas-chromatography26.

Statistical analysis
Continuous data have been reported as median and interquartile range (IQR). The Shapiro–Wilk test was applied 
to evaluate the normality of distributions. Comparisons between two groups of independent samples were 
evaluated by the Mann–Whitney U test. Paired comparisons were carried out by the Wilcoxon test. Categorical 
data have been reported as frequence (percentage) and compared by chi-square test. Statistical analyses were 
performed by SPSS (version 29, IBM SPSS Statistics). Graphics were done using GraphPad Prism version 8.0 
Software (GraphPad Software, San Diego, CA, USA; https://​www.​graph​pad.​com/). P values < 0.05 were consid-
ered significant.

Ethics approval and consent to participate
The study was conducted in accordance with the Declaration of Helsinki and approved by the Ethical committee 
of the CF regional Centre of Tuscany (Ethics Clearance number 63/2023) and CF regional Centre of Campania 
(Ethics Committee number 77/2021). The participants provided their written informed consent to participate 
in this study.

Data availability
The datasets used and analysed during the current study are available from the corresponding author on 
reasonable request.

https://www.graphpad.com/
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