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Abstract 

Background: Previous studies reported worsened lipid profiles in patients infected with hepatitis C virus (HCV) 
during direct‑acting antivirals (DAAs) treatment. This study aimed to investigate the effect of sofosbuvir (SOF)‑based 
DAAs on changes in low‑density lipoprotein (LDL) in HCV patients.

Methods: A systematic review of articles published before 31 May 2021 was conducted by searching MEDLINE, 
Cochrane Library, EMBASE, and CINAHL Plus. Eligible studies were those comparing SOF‑based DAAs and non‑SOF 
DAAs for HCV patients and providing numerical data for changes in LDL. Risk of Bias in Non‑randomized Studies‑ of 
Interventions was used for assessing risk of bias, and meta‑analysis was performed for changes in LDL.

Results: Six studies comprising 1248 patients were included, 848 patients treated with SOF‑based DAAs and 400 
patients with non‑SOF DAAs vs. SOF‑based DAAs group had significantly greater increases in LDL from baseline 
to week 4 than non‑SOF DAAs group (P = 0.001). However, changes in LDL from baseline to the end of treatment 
(P = 0.060), to post‑treatment week 12 (P = 0.263), and to post‑treatment week 24 (P = 0.319) did not significantly 
differ between the two groups. Further comparison of SOF/ledipasvir with asunaprevir/daclatasvir revealed a similar 
trend in changes in LDL.

Conclusions: For HCV patients, SOF‑based DAA regimens were associated with rapid and significant increases in LDL 
during the initial 4 weeks of treatment, and the changes did not sustain after the end of treatment. Potential mecha‑
nism might be related to the phosphoramidate side chain of SOF.
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Background
Hepatitis C virus (HCV) is one of the major causes of 
liver-related morbidity and mortality [1], estimatedly 
infecting approximate 180 million people worldwide 
[2]. HCV life cycle is initiated by virus particles binding 

to hepatocellular receptors, endocytosis, acidification 
of endosome, HCV envelope glycoproteins fusing with 
endosomal membranes, and viral genome releasing into 
cytoplasm [3]. Subsequently, internal ribosome entry 
site-mediated translation of viral ribonucleic acid (RNA) 
enables viral gene expression and processing [4]. HCV 
RNA is translated to generate a large polyprotein, which 
is processed by both host proteases and viral proteases 
(HCV NS2/3 and NS3/4A) to produce structural pro-
teins for viral assembly and nonstructural protein for 
RNA replication. HCV NS4B, NS5A, and NS5B consti-
tute a complex for RNA replication, which occurs in the 
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membranous webs [5]. Following replication, genomic 
RNA in complex with NS5A transit to lipid droplets, 
where core protein localizes and virion assembly occurs 
[6]. After acquiring apolipoprotein B, apolipoprotein E, 
very low-density lipoprotein (VLDL), and low-density 
lipoprotein (LDL), HCV infectious particles egress in a 
manner that parallels the VLDL secretion pathway [7, 8].

Patients infected with HCV have a twofold higher prev-
alence of hepatic steatosis than hepatitis B virus patients, 
suggesting a clear correlation between HCV infec-
tion and non-alcoholic fatty liver disease [9, 10]. HCV 
patients are also more likely to have decreased serum 
levels of apolipoprotein B-bearing lipoproteins because 
HCV captures these lipoproteins [11].

Currently, direct-acting antivirals (DAAs) have 
replaced interferon as the standard treatment for HCV 
infection [12, 13]. According to mechanisms of action 
and therapeutic targets, DAAs are classified into four 
categories: NS3/4A protease inhibitor, NS5A replication 
complex inhibitor, and NS5B nucleoside and non-nucle-
oside polymerase inhibitor [14]. In the class of NS5B 
nucleoside polymerase inhibitor, sofosbuvir (SOF) is the 
only drug and plays an important role in the combination 
of other DAAs for HCV treatment [12, 13]. HCV virion 
is tightly associated with hepatocyte-derived lipoproteins 
to form a lipid-laden particle, called lipo-viro-particle. 
It was thought that HCV captures lipoproteins that are 
released to blood after viral clearance by DAAs. Given 
that the concept is true, all DAA regimens would have 
similar effects on lipid profiles. However, several studies 
reported worsened lipid profiles in HCV patients during 
DAAs treatment and SOF-based DAAs seemed to have 
greater effect on LDL elevation [15, 16]. In the study by 
Meissner et  al. the patients treated with SOF/ribavirin 
had significantly increased levels of low-density lipopro-
tein (LDL) from baseline to the end of treatment and to 
post-treatment week 48 [15]. Younossi et  al. also found 
significantly increased LDL from baseline to the end 
of treatment and to post-treatment week 4 in the HCV 
patients treated with SOF/ledipasvir (LDV) [16]. Because 
the mechanism underlying the interaction between 
SOF-based DAAs and changes in LDL is still unclear, 
we performed a systematic review and meta-analysis to 
investigate the effect of SOF-based DAAs on changes in 
LDL in HCV patients.

Methods
Search strategy
This systematic review and meta-analysis was conducted 
in accordance with the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses guidelines [17]. 
MEDLINE, Cochrane Library, EMBASE, and CINAHL 
Plus were searched until 31 May 2021. The following 

search terms were used: (direct acting antiviral OR asu-
naprevir OR boceprevir OR daclatasvir OR dasabuvir 
OR elbasvir OR glecaprevir OR grazoprevir OR ledipas-
vir OR ombitasvir OR paritaprevir OR pibrentasvir OR 
simeprevir OR sofosbuvir OR telaprevir OR velpatasvir 
OR voxilaprevir) AND (hepatitis C OR HCV) AND 
(lipid OR cholesterol OR HDL OR LDL OR triglyceride 
OR lipoprotein). The reference lists of the relevant stud-
ies were also searched manually to identify additional 
studies.

Selection criteria
The inclusion criteria of the systematic review were: (a) 
comparative study; (b) patients were infected with HCV; 
(c) one of the patient groups was treated with DAAs and 
one of the DAAs was SOF; (d) one of the patient groups 
was treated with non-SOF DAAs; (e) numerical data were 
provided for LDL for quantitative analysis. Non-original 
articles (e.g. letters, comments, editorials, reviews, or 
case reports) were excluded.

Study selection and data extraction
Based on the search strategy, two independent reviewers 
performed literature searches to identify eligible stud-
ies and a third reviewer was consulted for any uncer-
tainty regarding eligibility. The following information was 
extracted from studies that met the eligibility criteria: the 
name of the first author, year of publication, study design, 
demographic data, genotype, DAAs regimens, duration 
of treatment, percentage of patients achieving sustained 
virologic response (SVR), fibrosis 4 index, baseline level 
of HCV RNA, exclusion criteria, and levels of LDL at 
baseline, week 4, post-treatment week 12, and post-treat-
ment week 24.

Risk of bias
We used the Risk Of Bias In Non-randomized Studies-of 
Interventions (ROBINS-I) to assess the included studies 
[18]. Quality assessment was also performed by the inde-
pendent reviewers and a third reviewer was consulted 
for any uncertainties. The ROBINS-I tool assesses bias 
across seven domains including: bias due to confound-
ing, bias in selection of participants into the study, bias 
in classification of interventions, bias due to deviations 
from intended interventions, bias due to missing data, 
bias in measurement of outcomes, and bias in selection 
of the reported result. Risk of bias for each domain is cat-
egorized as low, moderate, serious, critical risk of bias, 
and no information. An overall judgment on risk of bias 
across the seven domains is then determined.
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Statistical analysis
For the primary endpoint, changes in LDL, means and 
standard deviations were calculated and were compared 
between the patients treated with SOF-based DAAs and 
those with non-SOF DAAs. Because SOF/LDV and asu-
naprevir (ASV)/daclatasvir (DCV) were the most preva-
lent regimens in the included studies, meta-analysis 
was also performed for comparing the patients treated 
with SOF/LDV and those with ASV/DCV. If it lacks the 
numerical data for mean and standard deviation, we use 
median, range, and sample size to estimate the mean 
and variance [19]. If the median and interquartile range 
(IQR) is reported, we assume that the median is equal to 
the mean and width of the interquartile range is approxi-
mately 1.35 times of standard deviation [20]. Difference 
in means with 95% CI were calculated for each study and 
for those studies combined. A χ2-based test of homoge-
neity was performed and the inconsistency index  (I2) and 
Q statistics were determined. If  I2 statistic were > 50%, a 

random-effects model (DerSimonian-Laird method) was 
used. Otherwise, a fixed-effects model (Mantel–Haen-
szel method) was employed. Combined effects were cal-
culated and a 2-sided P value < 0.05 was considered to 
indicate statistical significance. Sensitivity analyses were 
performed using the leave-one-out method in which the 
meta-analysis was performed with each study removed in 
turn. Publication bias was assessed by constructing a fun-
nel plot by Egger’s test. The absence of publication bias 
was indicated by the data points forming a symmetric 
funnel-shaped distribution and one-tailed significance 
level of P > 0.05 (Egger’s test). All analyses were per-
formed using Comprehensive Meta-Analysis statistical 
software, version 2.0 (Biostat, Englewood, NJ, USA).

Results
Literature search
The process of study selection was presented in Fig.  1. 
After initially identifying 276 records, 181 records were 

Fig. 1 Flowchart of study selection
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excluded and 95 articles were left for full-text review. 
Eighty-nine articles were excluded after reviewing the 
full-text articles. The reasons for exclusion were provided 
in Fig. 1. The remaining six studies were included for sub-
sequent qualitative and quantitative analyses [21–26].

Study characteristics
A total of 1248 patients with HCV infection were encom-
passed by the six studies: 848 patients were treated with 
SOF-based DAAs and 400 patients with non-SOF DAAs 
(Tables  1, 2). Mean age of patients ranged from 62 to 
76 years and the percentage of male ranged from 32.3 to 
85.7%. Only two study included the patient with genotype 
2 [23, 26]. Two studies only analyzed the patients achiev-
ing SVR12 [21, 24], three studies achieved good results of 
SVR [23, 25, 26], and Hashimoto et al. did not report the 
outcome of SVR [22].

SOF‑based DAAs vs. non‑SOF DAAs
All the six included studies reported numerical data for 
changes in LDL from baseline to week 4 [21–26]. There 
was evidence of heterogeneity among the six studies (Q 
statistic = 23.904,  I2 = 79.08%, P < 0.001); therefore, a ran-
dom-effects model of analysis was used. Combined dif-
ference in means (12.61, 95% CI 5.68 to 19.55) indicated 
that the increases in LDL from baseline to week 4 were 
significantly greater in the SOF-based DAAs group than 
in the non-SOF DAAs group (P = 0.001) (Fig. 2A).

Four studies provided data for changes in LDL from 
baseline to the end of treatment [21, 23, 25, 26]. Because 
of evident heterogeneity (Q statistic = 12.561,  I2 = 76.12%, 
P = 0.006), a random-effects model of analysis was used. 
The results indicated that the SOF-based DAAs group 
had greater increases in LDL from baseline to the end of 
treatment than the non-SOF DAAs group (6.98, 95% CI 
− 0.30 to 14.26); however, no statistical significance was 
reached (P = 0.060) (Fig. 2B).

There was significant heterogeneity in the studies 
reporting changes in LDL from baseline to post-treat-
ment week 12 and from baseline to post-treatment week 
24  (I2 = 84.14% and 83.14%, respectively). Meta-analysis 
showed that the SOF-based DAAs and non-SOF DAAs 
groups had similar changes in LDL from baseline to post-
treatment week 12 (P = 0.263) and from baseline to post-
treatment week 24 (P = 0.319) (Fig. 2C, D).

SOF/LDV vs. ASV/DCV
Four studies reported numerical data for changes in LDL 
from baseline to week 4 for the patients treated with 
SOF/LDV and those with ASVDCV [21–23, 25]. Due 
to non-significant heterogeneity of the four studies (Q 
statistic = 4.854, I2 = 38.20%, P = 0.183), a fixed-effects 
model was used and meta-analysis showed that the SOF/

LDV group had greater increases in LDL from baseline to 
week 4 than the ASV/DCV group (17.59, 95% CI 6.92 to 
22.73, P < 0.001) (Fig. 3A).

Numerical data for changes in LDL from baseline to 
the end of treatment between the patients treated with 
SOF/LDV and those with ASV/DCV were provided by 
three studies [21, 23, 25]. A random-effects model was 
used for the evident heterogeneity of the three studies 
(Q statistic = 13.570,  I2 = 85.26%, P = 0.001). Pooled dif-
ference in means (14.82, 95% CI 6.92 to 22.73, P < 0.001) 
indicated that the increases in LDL from baseline to the 
end of treatment were significantly greater in the SOF/
LDV group than in the ASV/DCV group (Fig. 3B).

Significant heterogeneity was observed in the stud-
ies reporting changes in LDL from baseline to post-
treatment week 12 and from baseline to post-treatment 
week 24  (I2 = 85.26% and 91.75%, respectively). Results 
of meta-analysis showed that the SOF/LDV group and 
the ASV/DCV group had similar changes in LDL from 
baseline to post-treatment week 12 (P = 0.340) and from 
baseline to post-treatment week 24 (P = 0.582) (Fig.  3C, 
D).

Sensitivity analysis
Table 3 presented the results of sensitivity analyses. For 
changes in LDL from baseline to week 4 between SOF-
based DAAs and non-SOF DAAs groups, the direction 
and magnitude of combined estimates did not vary mark-
edly with the removal of the studies, indicating that the 
meta-analysis had good reliability and the result was 
not overly influenced by each study. However, when we 
removed Inoue et al. the pooled difference in means for 
changes in LDL from baseline to the end of treatment 
became significant (P = 0.001). Moreover, when remov-
ing Notsumata et al. the pooled difference in means for 
changes in LDL from baseline to post-treatment week 12 
became significant (P < 0.001). The results indicated that 
the pooled estimates for changes in LDL from baseline to 
the end of treatment might be affected by Inoue et al. and 
pooled estimates for changes in LDL from baseline to 
post-treatment week 12 might be affected by Notsumata 
et al. (Table 3). Regarding changes in LDL from baseline 
to post-treatment week 24, results of sensitivity analysis 
showed consistent direction and magnitude of combined 
estimates after removing any of the threes studies.

Results of sensitivity analysis for changes in LDL 
between SOF/LDV group and ASV/DCV group were 
similar to those between SOF-based DAAs and non-SOF 
DAAs groups. The results of changes in LDL from base-
line to week 4 between SOF/LDV group and ASV/DCV 
group were reliable. However, the results of changes 
in LDL from baseline to the end of treatment and from 
baseline to post-treatment week 12 were significantly 
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Table 2 Summary of regimens of the included studies

NS nonstructural proteins; NI non-nucleoside inhibitors; PI protease inhibitors; SOF sofosbuvir; LDV ledipasvir; ASV asunaprevir; DCV daclatasvir; PTVr paritaprevir/
ritonavir; OBV ombitasvir; RBV ribavirin; QD once daily; BID twice daily; NA not available

First author 
(publication year)

No of patients Group Regimens Duration of 
treatment 
(week)

Özdoğan (2020) 93 SOF/LDV NA 12

28 PTVr/OBV + DSV 12

Inoue (2018) 85 SOF/LDV Harvoni® (SOF 400 mg + LDV 90 mg) QD 12

46 SOF/RBV Sovaldi® (SOF) 400 mg QD + Rebetol® (RBV) 600/800/1000 mg 
(depending on body weight) BID

12

85 ASV/DCV Dacluinza® (DCV) 60 mg QD + Sunbepra® (ASV) 100 mg BID 24

Endo (2017) 132 SOF/LDV Harvoni® (SOF 400 mg + LDV 90 mg) QD 12

121 ASV/DCV Dacluinza® (DCV) 60 mg QD + Sunbepra® (ASV) 100 mg BID 24

Kan (2017) 55 SOF/LDV Harvoni® (SOF 400 mg + LDV 90 mg) QD 12

40 PTVr/OBV Viekirax® (PTVr 150/100 mg + OBV 25 mg) QD 12

Notsumata (2017) 140 SOF/LDV NA 12

100 SOF/RBV 12

173 ASV/DCV 24

50 PTVr/OBV 12

Hashimoto (2016) 76 SOF/LDV Harvoni® (SOF 400 mg + LDV 90 mg) QD 12

24 ASV/DCV ASV 100 mg + DCV 60 mg BID 24

Fig. 2 Forest plots for changes in low‑density lipoprotein from baseline to week 4 (A), to the end of treatment (B), to post‑treatment week 12 (C), 
and to post‑treatment week 24 (D) between patients treated with sofosbuvir‑based and those with non‑sofosbuvir direct‑acting antivirals
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Fig. 2 continued

influenced by the Inoue et  al. and by Notsumata et  al. 
respectively.

Risk of bias
The results of risk of bias assessment were summarized 
in Table  4. According to ROBINS-I, two studies were 
judged to be at serious overall risk of bias [23, 25], two 
studies at moderate overall risk of bias [21, 26], and two 
studies at low overall risk of bias [22, 24]. The most sig-
nificant risk of bias came from the domain of bias due 
to confounding. In the study by Inoue et al. the baseline 
lipid profiles were significantly different between treat-
ment groups [23]. Notsumata et  al. did not described 
the baseline characteristics regarding lipid profiles and 
medical histories [25]. Although Endo et al. included the 
patients who were taking lipid-lowering drugs and anti-
diabetic drugs and did not control for these variables, 
serious residual confounding was not likely because these 
variables were balanced among the treatment groups 
[21]. Three studies excluded the patients who were taking 
lipid-lowering drugs and baseline lipid profiles were simi-
lar between groups [22, 24, 26]. Notably, only one study 
described the previous treatment history (i.e., treatment-
naïve or treatment-experienced) [26] and only two stud-
ies clearly stated their study design [21, 22]. Two studies 
did not report detail regiments for each treatment group 
and was judged as moderate risk of misclassification bias 
[25, 26], whereas the other four studies as low risk of 

misclassification bias (Table  2). All the six studies were 
judged to be low risk in the domains of selection bias, 
performance bias, measurement bias, and reporting bias. 
All the six studies did not report any information about 
missing data.

Publication bias
The funnel plot showed that there was no publication 
bias for the outcome of the changes in LDL from base-
line to week 4 via Egger’s test (t = 1.451, P = 0.110, Addi-
tional file 1: Fig. S1). For the other outcomes, the changes 
in LDL from baseline to the end of treatment, post-treat-
ment week 12, and post-treatment week 24, publication 
bias analyses were not performed because the number of 
studies was too few to detect an asymmetric funnel [27].

Discussion
To the best of our knowledge, this study is the first sys-
tematic review and meta-analysis to evaluate the effect 
of SOF-based DAAs on changes in lipid profiles. Our 
results showed that, compared with non-SOF DAAs, 
SOF-based DAAs was associated with rapid increases 
in LDL during the initial 4 weeks of treatment and the 
changes did not sustain after the end of treatment. A 
further comparison of SOF/LDV with ASV/DCV also 
revealed a similar trend. Therefore, close monitoring 
patients with rapidly rising LDL levels during and after 
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DAAs treatment, instead of the use of lipid-lowering 
agents, could be considered.

The potential mechanism underlying the changes 
in LDL with DAAs has not been clearly elucidated. 
Because the included patients in this meta-analysis 
were mainly those who achieved SVR, viral clear-
ance could not account for the different changes in 
LDL between SOF-based DAAs and non-SOF DAAs. 
As a nucleotide prodrug, SOF is converted to active 

compounds by enzymatic cleavage of phosphorami-
date side chain, and then is decomposed to GS-060965, 
phenolate ion, and propan-2-yl 2-aminopropanoate in 
hepatocytes (Additional file  2: Fig. S2) [28]. Another 
drug with a similar structure and metabolic pathway to 
SOF is tenofovir alafenamide (TAF), a prodrug of ten-
ofovir for the treatment of HIV and chronic hepatitis 
B. Several studies also reported an increased level of 
LDL with TAF. Both the study by Milinkovic et al. and 

Table 3 Sensitivity analysis using leave‑one‑out method for changes in low‑density lipoprotein

First author (publication year) Statistics with study removed

Difference in means Lower limit Upper limit Z‑value P‑value

Sofosbuvir‑based vs. non‑sofosbuvir direct 
anti‑viral agents

 Week 4

  Özdoğan (2020) 13.43 5.55 21.30 3.34 0.001

  Inoue (2018) 14.79 6.75 22.84 3.60  < 0.001

  Endo (2017) 11.54 3.76 19.33 2.91 0.004

  Kan (2017) 11.93 4.20 19.66 3.02 0.002

  Notsumata (2017) 14.39 5.76 23.02 3.27 0.001

  Hashimoto (2016) 9.82 3.96 15.68 3.28 0.001

 End of treatment

  Özdoğan (2020) 7.98 − 0.35 16.32 1.88 0.060

  Inoue (2018) 10.41 4.51 16.32 3.45 0.001

  Endo (2017) 3.93 − 4.16 12.01 0.95 0.341

  Notsumata (2017) 5.62 − 6.54 17.77 0.91 0.365

 Post‑treatment week 12

  Inoue (2018) − 2.61 − 13.47 8.24 − 0.47 0.637

  Endo (2017) − 3.41 − 15.62 8.80 − 0.55 0.584

  Notsumata (2017) − 9.27 − 14.11 − 4.42 − 3.75  < 0.001

 Post‑treatment week 24

  Özdoğan (2020) − 7.12 − 21.19 6.94 − 0.99 0.321

  Inoue (2018) − 0.21 − 4.44 4.02 − 0.10 0.921

  Notsumata (2017) − 8.42 − 22.27 5.42 − 1.19 0.233

Sofosbuvir/ledipasvir vs. asunaprevir/
daclatasvir

 Week 4

  Inoue (2018) 18.78 14.60 22.95 8.81  < 0.001

  Endo (2017) 17.65 13.11 22.19 7.62  < 0.001

  Notsumata (2017) 18.03 13.19 22.87 7.31  < 0.001

  Hashimoto (2016) 16.12 12.06 20.18 7.78  < 0.001

 End of treatment

  Inoue (2018) 18.49 13.15 23.82 6.79  < 0.001

  Endo (2017) 13.92 − 0.75 28.60 1.86 0.063

  Notsumata (2017) 11.31 2.02 20.60 2.39 0.017

 Post‑treatment week 12

  Inoue (2018) − 1.75 − 14.81 11.32 − 0.26 0.793

  Endo (2017) − 3.77 − 21.01 13.47 − 0.43 0.668

  Notsumata (2017) − 10.33 − 15.74 − 4.91 − 3.74  < 0.001



Page 9 of 12Wang et al. BMC Infect Dis          (2021) 21:984  

by Taramasso et  al. observed that LDL levels signifi-
cantly increased in HIV patients after switching from 
tenofovir disoproxil fumarate (TDF) to TAF [29, 30]. In 
the study by Cid-Silva et  al. TAF was associated with 
a more significantly increased level of LDL than TDF 
[31]. Notably, both SOF and TAF have a similar struc-
ture of phosphoramidate side chain and have impacts 

on lipid profiles, whereas TDF does not (Additional 
file 3: Fig. S3). We presumed that the cleaved products 
from phosphoramidate side chain might be the key 
agents, which would promote β-lipoprotein synthesis 
and secretion in hepatocytes and then be enzymati-
cally metabolized. Consequently, a rapidly rising and 

Fig. 3 Forest plots for changes in low‑density lipoprotein from baseline to week 4 (A), to the end of treatment (B), to post‑treatment week 12 (C), 
and to post‑treatment week 24 (D) between patients treated with sofosbuvir/ledipasvir and those with asunaprevir/daclatasvir

Table 4 Risk of bias of the included studies

First author 
(publication 
year)

Bias due to 
confounding

Bias in 
selection of 
participants 
into the study

Bias in 
classification 
of 
interventions

Bias due to 
deviations 
from 
intended 
interventions

Bias due to 
missing data

Bias in 
measurement 
of outcomes

Bias in 
selection of 
the reported 
result

Overall risk of 
bias

Özdoğan 
(2020)

Low Low Moderate Low No informa‑
tion

Low Low Moderate

Inoue (2018) Serious Low Low Low No informa‑
tion

Low Low Serious

Endo (2017) Moderate Low Low Low No informa‑
tion

Low Low Moderate

Kan (2017) Low Low Low Low No informa‑
tion

Low Low Low

Notsumata 
(2017)

Serious Low Moderate Low No informa‑
tion

Low Low Serious

Hashimoto 
(2016)

Low Low Low Low No informa‑
tion

Low Low Low
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gradually falling level of LDL was observed. However, 
further investigations are warranted for proving the 
hypothesis.

Although our results were comparable with some 
reports that the increases in LDL disappeared after treat-
ment [32, 33], other studies suggested the elevated LDL 
continued to post-treatment 1 year [34–37]. The main 
reason for the inconsistency was that most of these stud-
ies were single-arm studies. Without a control group, 
it is difficult to judge the effect of SOF-based DAAs on 
changes in LDL. Additionally, both Younossi et  al. and 
Pedersen et  al. observed that genotype 3 patients had 
significantly increased LDL during DAAs treatment, 
but genotype 1 or genotype 2 patients did not [38, 39]. 
As the majority of the included patients in the present 
study were genotype 1 and genotype 2 patients (Table 1), 
changes in LDL would be less, consequently reducing 
the difference between treatment groups. Furthermore, 
genetic factors have been reported in association with 
changes in LDL. In the study by Emmanuel et  al. the 
IFNL4-ΔG carriers had significant increases in LDL dur-
ing DAAs treatment and at post-treatment 1 year, but the 
patients with IFNL4-TT/TT did not [40]. In the study by 
Morihana et al. the difference in LDL between SOF/LDV 
and ASV/DCV disappeared after the end of treatment. 
However, the IL28B TG/GG patients continued to have 
increased LDL from the end of treatment to post-treat-
ment two years, whereas the IL28B TT patients did not 

[32]. Because this meta-analysis did not consider these 
genetic factors, our results might be potentially con-
founded by these predictors.

There were several limitations in this study. The first 
limitation came from baseline confounding bias as our 
results demonstrated evident heterogeneity among 
the included studies. Secondly, most of the included 
patients achieved SVR. Although it has been noted that 
SVR patients had significantly greater increases in LDL 
with DAAs than non-SVR patients, it should be cau-
tious in interpreting our results [15, 41]. Thirdly, due to 
a lack of sufficient numerical data, we only compared 
SOF/LDV with ASV/DCV among the numerous DAAs 
regimens, did not assess the changes in total cholesterol, 
triglycerides, high-density lipoprotein, and apolipopro-
tein, and did not evaluate the longer-term changes in 
LDL. Only one of the included reported the outcomes 
at post-treatment 1 year [26]. It deserves more compara-
tive studies, which evaluate complete lipid profiles at dif-
ferent time points among DAAs regimens. Finally, due 
to the limited number of the included studies (n = 6), 
we only performed subgroup analysis of SOF/LDV vs. 
ASV/DCV and no additional analysis could be done, for 
example, subgroup analyses based on study characteris-
tics or meta-regression analysis. Due to the same reason, 
analysis of publication bias was not performed for all 
outcomes. As Sutton et al. recommended the minimum 

Fig. 3 continued
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requirement of ten studies for publication bias analysis, it 
should be cautious in interpreting our results [27].

Conclusions
For HCV patients, SOF-based DAAs rapidly and signifi-
cantly increased LDL level during the initial 4  weeks of 
treatment, but changes in LDL tended to disappear at and 
after the end of treatment. Potential mechanism underly-
ing changes in lipid profiles with DAAs treatment might 
be related with the cleaved products of phosphoramidate 
side chain of SOF and deserves more investigations.

Abbreviations
ASV: Asunaprevir; DAAs: Direct‑acting antiviral; DCV: Daclatasvir; HCV: Hepatitis 
C virus; LDL: Low‑density lipoprotein; LDV: Ledipasvir; NS: Nonstructural pro‑
tein; RNA: Ribonucleic acid; ROBINS‑I: Risk Of Bias In Non‑randomized Studies‑ 
of Interventions; SVR: Sustained virologic response; TAF: Tenofovir alafenamide; 
TDF: Tenofovir disoproxil fumarate; VLDL: Very low‑density lipoprotein.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12879‑ 021‑ 06657‑9.

Additional file 1: Fig. S1. Funnel plot forchanges in low‑density lipopro‑
tein from baseline to week 4. 

Additional file 2: Fig. S2. Decompositionpathway of sofosbuvir. In 
hepatocytes, the phosphoramidate side chain of sofosbuvir is enzymati‑
cally cleaved into phenolateion, propan‑2‑yl 2‑aminopropanoate, and 
nucleotide GS‑606965 which is furtherphosphorylated to an active 
metabolite GS‑461203.  

Additional file 3: Fig. S3. Chemicalstructures of tenofovir alafenamide, 
sofosbuvir, and tenofovir disoproxilfumarate. Tenofovir alafenamide and 
sofosbuvir have a similar structure of phosphoramidate sidechain.

Acknowledgements
None.

Authors’ contributions
YWW, WPL, and KHL designed the study, performed the systematic literature 
search, interpreted data and wrote the manuscript. YWW, WPL, and KHL 
performed the statistical analysis and contributed writing of the article. YHH, 
MCH, and KHL interpreted data and contributed writing of the manuscript. 
YWW, WPL, YHH, and MCH performed the acquisition of data and contributed 
writing of the manuscript. All authors approved the final version of the article, 
including the authorship list.

Funding
This study was supported by grants from the Ministry of Science and Technol‑
ogy, Taiwan (MOST‑106‑2314‑B‑075‑055 to Keng‑Hsin Lan; MOST‑107‑2314‑B‑
075‑049‑MY2 to Wei‑Ping Lee), and Taipei Veterans General Hospital (V107C‑
137 to Keng‑Hsin Lan; V108C‑206 to Wei‑Ping Lee), Taipei, Taiwan.

Availability of data and materials
All data relevant to the study are included in the article.

Declarations

Ethics approval and consent to participate
We exclusively assessed previously published data. Thus, ethical approval was 
not required for the conduction of the meta‑analysis and systematic review.

Consent for publication
Not applicable.

Competing interests
All authors declare no conflict of interest.

Author details
1 Healthcare and Management Center, Taipei Veterans General Hospital, Taipei, 
Taiwan, ROC. 2 Department of Medical Research, Taipei Veterans General 
Hospital, Taipei, Taiwan, ROC. 3 Institute of Biochemistry and Molecular Biology, 
College of Life Sciences, National Yang Ming Chiao Tung University, Taipei, 
Taiwan, ROC. 4 Division of Gastroenterology and Hepatology, Department 
of Medicine, Taipei Veterans General Hospital, 201, Section 2, Shi‑Pai Road, Tai‑
pei 112, Taiwan, ROC. 5 School of Medicine, College of Medicine, National Yang 
Ming Chiao Tung University, Taipei, Taiwan, ROC. 6 Institute of Clinical Medicine, 
College of Medicine, National Yang Ming Chiao Tung University, Taipei, Taiwan, 
ROC. 7 Institute of Pharmacology, College of Medicine, National Yang Ming 
Chiao Tung University, Taipei, Taiwan, ROC. 

Received: 16 March 2021   Accepted: 4 September 2021

References
 1. Global Burden Of Hepatitis C Working Group. Global burden of disease 

(GBD) for hepatitis C. J Clin Pharmacol. 2004;44(1):20–9.
 2. Petruzziello A, Marigliano S, Loquercio G, Cozzolino A, Cacciapuoti C. 

Global epidemiology of hepatitis C virus infection: an up‑date of the 
distribution and circulation of hepatitis C virus genotypes. World J Gastro‑
enterol. 2016;22(34):7824–40.

 3. Burlone ME, Budkowska A. Hepatitis C virus cell entry: role of lipoproteins 
and cellular receptors. J Gen Virol. 2009;90(Pt 5):1055–70.

 4. Moradpour D, Penin F, Rice CM. Replication of hepatitis C virus. Nat Rev 
Microbiol. 2007;5(6):453–63.

 5. Tellinghuisen TL, Evans MJ, von Hahn T, You S, Rice CM. Studying hepatitis 
C virus: making the best of a bad virus. J Virol. 2007;81(17):8853–67.

 6. Miyanari Y, Atsuzawa K, Usuda N, Watashi K, Hishiki T, Zayas M, Bar‑
tenschlager R, Wakita T, Hijikata M, Shimotohno K. The lipid droplet is 
an important organelle for hepatitis C virus production. Nat Cell Biol. 
2007;9(9):1089–97.

 7. Gastaminza P, Cheng G, Wieland S, Zhong J, Liao W, Chisari FV. Cellular 
determinants of hepatitis C virus assembly, maturation, degradation, and 
secretion. J Virol. 2008;82(5):2120–9.

 8. Huang H, Sun F, Owen DM, Li W, Chen Y, Gale M Jr, Ye J. Hepatitis C 
virus production by human hepatocytes dependent on assembly and 
secretion of very low‑density lipoproteins. Proc Natl Acad Sci USA. 
2007;104(14):5848–53.

 9. Hwang SJ, Luo JC, Chu CW, Lai CR, Lu CL, Tsay SH, Wu JC, Chang FY, Lee 
SD. Hepatic steatosis in chronic hepatitis C virus infection: prevalence and 
clinical correlation. J Gastroenterol Hepatol. 2001;16(2):190–5.

 10. Thomopoulos KC, Arvaniti V, Tsamantas AC, Dimitropoulou D, Gogos 
CA, Siagris D, Theocharis GJ, Labropoulou‑Karatza C. Prevalence of liver 
steatosis in patients with chronic hepatitis B: a study of associated 
factors and of relationship with fibrosis. Eur J Gastroenterol Hepatol. 
2006;18(3):233–7.

 11. Marzouk D, Sass J, Bakr I, El Hosseiny M, Abdel‑Hamid M, Rekacewicz 
C, Chaturvedi N, Mohamed MK, Fontanet A. Metabolic and cardio‑
vascular risk profiles and hepatitis C virus infection in rural Egypt. Gut. 
2007;56(8):1105–10.

 12. AASLD‑IDSA HCV Guidance Panel. Hepatitis C guidance 2018 update: 
AASLD‑IDSA recommendations for testing, managing, and treating 
hepatitis C virus infection. Clin Infect Dis. 2018;67(10):1477–92.

 13. Ghany MG, Morgan TR. AASLD‑IDSA HCV Guidance Panel: Hepatitis C 
Guidance 2019 Update: American Association for the Study of Liver 
Diseases‑Infectious Diseases Society of America Recommendations for 
Testing, Managing, and Treating Hepatitis C Virus Infection. Hepatology. 
2020;71(2):686–721.

 14. Poordad F, Dieterich D. Treating hepatitis C: current standard of care and 
emerging direct‑acting antiviral agents. J Viral Hepat. 2012;19(7):449–64.

https://doi.org/10.1186/s12879-021-06657-9
https://doi.org/10.1186/s12879-021-06657-9


Page 12 of 12Wang et al. BMC Infect Dis          (2021) 21:984 

 15. Meissner EG, Lee YJ, Osinusi A, Sims Z, Qin J, Sturdevant D, McHutch‑
ison J, Subramanian M, Sampson M, Naggie S, et al. Effect of sofosbuvir 
and ribavirin treatment on peripheral and hepatic lipid metabolism in 
chronic hepatitis C virus, genotype 1‑infected patients. Hepatology. 
2015;61(3):790–801.

 16. Younossi ZM, Elsheikh E, Stepanova M, Gerber L, Nader F, Stamm LM, 
Brainard DM, McHutchinson JG. Ledipasvir/sofosbuvir treatment of hepa‑
titis C virus is associated with reduction in serum apolipoprotein levels. J 
Viral Hepat. 2015;22(12):977–82.

 17. Moher D, Liberati A, Tetzlaff J, Altman DG, Group P. Preferred reporting 
items for systematic reviews and meta‑analyses: the PRISMA statement. 
BMJ. 2009;339:b2535.

 18. Sterne JA, Hernan MA, Reeves BC, Savovic J, Berkman ND, Viswanathan 
M, Henry D, Altman DG, Ansari MT, Boutron I, et al. ROBINS‑I: a tool for 
assessing risk of bias in non‑randomised studies of interventions. BMJ. 
2016;355:i4919.

 19. Hozo SP, Djulbegovic B, Hozo I. Estimating the mean and variance from 
the median, range, and the size of a sample. BMC Med Res Methodol. 
2005;5:13.

 20. Higgins JPT, Thomas J, Chandler J, Cumpston M, Li T, Page MJ, Welch VA: 
Cochrane Handbook for Systematic Reviews of Interventions version 6.0 
(updated July 2019). In.: Cochrane; 2019.

 21. Endo D, Satoh K, Shimada N, Hokari A, Aizawa Y. Impact of interferon‑free 
antivirus therapy on lipid profiles in patients with chronic hepatitis C 
genotype 1b. World J Gastroenterol. 2017;23(13):2355–64.

 22. Hashimoto S, Yatsuhashi H, Abiru S, Yamasaki K, Komori A, Nagaoka S, 
Saeki A, Uchida S, Bekki S, Kugiyama Y, et al. Rapid increase in serum 
low‑density lipoprotein cholesterol concentration during hepatitis C 
interferon‑free treatment. PLoS ONE. 2016;11(9):e0163644.

 23. Inoue T, Goto T, Iio E, Matsunami K, Fujiwara K, Shinkai N, Matsuura K, Mat‑
sui T, Nojiri S, Tanaka Y. Changes in serum lipid profiles caused by three 
regimens of interferon‑free direct‑acting antivirals for patients infected 
with hepatitis C virus. Hepatol Res. 2018;48(3):E203–12.

 24. Kan H, Imamura M, Kawakami Y, Daijo K, Teraoka Y, Honda F, Naka‑
mura Y, Morio K, Kobayashi T, Nakahara T, et al. Emergence of drug 
resistance‑associated variants and changes in serum lipid profiles in 
sofosbuvir plus ledipasvir‑treated chronic hepatitis C patients. J Med Virol. 
2017;89(11):1963–72.

 25. Notsumata K, Kanno M, Nomura Y, Tanaka A, Ueda T, Sanada T, Wata‑
nabe H, Toya D. High LDL cholesterol in DAA treatment for chronic 
hepatitis C—comparative study between each DAA treatment. Kanzo. 
2017;58(4):255–8.

 26. Ozdogan O, Yaras S, Ates F, Ucbilek E, Sezgin O, Altintas E. The impact 
of direct‑acting antiviral treatment on lipid metabolism and insulin 
resistance in chronic hepatitis C patients: temporary? permanent? Turk J 
Gastroenterol. 2020;31(5):384–92.

 27. Sutton AJ, Duval SJ, Tweedie RL, Abrams KR, Jones DR. Empiri‑
cal assessment of effect of publication bias on meta‑analyses. BMJ. 
2000;320(7249):1574–7.

 28. Dousson CB. Current and future use of nucleo(s)tide prodrugs in the 
treatment of hepatitis C virus infection. Antivir Chem Chemother. 
2018;26:2040206618756430.

 29. Milinkovic A, Berger F, Arenas‑Pinto A, Mauss S: Lipid changes due to 
tenofovir alafenamide are reversible by switching back to tenofovir 
disoproxil fumarate. AIDS 2019.

 30. Taramasso L, Di Biagio A, Riccardi N, Briano F, Di Filippo E, Comi L, Mora S, 
Giacomini M, Gori A, Maggiolo F. Lipid profile changings after switching 
from rilpivirine/tenofovir disoproxil fumarate/emtricitabine to rilpivirine/

tenofovir alafenamide/emtricitabine: Different effects in patients with or 
without baseline hypercholesterolemia. PLoS ONE. 2019;14(10):e0223181.

 31. Cid‑Silva P, Fernandez‑Bargiela N, Margusino‑Framinan L, Balboa‑Barreiro 
V, Mena‑De‑Cea A, Lopez‑Calvo S, Vazquez‑Rodriguez P, Martin‑Herranz 
I, Miguez‑Rey E, Poveda E, et al. Treatment with tenofovir alafenamide 
fumarate worsens the lipid profile of HIV‑infected patients versus 
treatment with tenofovir disoproxil fumarate, each coformulated with 
elvitegravir, cobicistat, and emtricitabine. Basic Clin Pharmacol Toxicol. 
2019;124(4):479–90.

 32. Morihara D, Ko YL, Shibata K, Yamauchi R, Fukuda H, Tsuchiya N, Fukunaga 
A, Kunimoto H, Iwashita H, Takata K, et al. IL28B gene polymorphism is 
correlated with changes in low‑density lipoprotein cholesterol levels 
after clearance of hepatitis C virus using direct‑acting antiviral treatment. 
J Gastroenterol Hepatol. 2019;34(11):2019–27.

 33. Townsend K, Meissner EG, Sidharthan S, Sampson M, Remaley AT, Tang L, 
Kohli A, Osinusi A, Masur H, Kottilil S. Interferon‑free treatment of hepatitis 
C virus in HIV/hepatitis C virus‑coinfected subjects results in increased 
serum low‑density lipoprotein concentration. AIDS Res Hum Retroviruses. 
2016;32(5):456–62.

 34. Beig J, Orr D, Harrison B, Gane E. Hepatitis C Virus Eradication with new 
interferon‑free treatment improves metabolic profile in hepatitis C virus‑
related liver transplant recipients. Liver Transpl. 2018;24(8):1031–9.

 35. Carvalho JR, Velosa J, Serejo F. Lipids, glucose and iron metabolic altera‑
tions in chronic hepatitis C after viral eradication ‑ comparison of the new 
direct‑acting antiviral agents with the old regimens. Scand J Gastroen‑
terol. 2018;53(7):857–63.

 36. Ichikawa T, Miyaaki H, Miuma S, Motoyoshi Y, Narita S, Toda S, Takahashi 
Y, Honda T, Yajima H, Uehara R, et al. Carotid intima‑media thickness and 
small dense low‑density lipoprotein cholesterol increase after one year 
of treatment with direct‑acting antivirals in patients with hepatitis C virus 
infection. Intern Med. 2019;58(9):1209–15.

 37. Lacerda GS, Medeiros T, Rosario NFD, Peralta RHS, Cabral‑Castro MJ, 
Esberard EBC, Andrade TG, Xavier AR, Silva AA. Exploring lipid and 
apolipoprotein levels in chronic hepatitis C patients according to their 
response to antiviral treatment. Clin Biochem. 2018;60:17–23.

 38. Pedersen MR, Patel A, Backstedt D, Choi M, Seetharam AB. Genotype 
specific peripheral lipid profile changes with hepatitis C therapy. World J 
Gastroenterol. 2016;22(46):10226–31.

 39. Younossi ZM, Stepanova M, Estep M, Negro F, Clark PJ, Hunt S, Song Q, 
Paulson M, Stamm LM, Brainard DM, et al. Dysregulation of distal choles‑
terol biosynthesis in association with relapse and advanced disease in 
CHC genotype 2 and 3 treated with sofosbuvir and ribavirin. J Hepatol. 
2016;64(1):29–36.

 40. Emmanuel B, El‑Kamary SS, Magder LS, Stafford KA, Charurat ME, Chairez 
C, McLaughlin M, Hadigan C, Prokunina‑Olsson L, O’Brien TR, et al. Meta‑
bolic changes in chronic hepatitis C patients who carry IFNL4‑DeltaG and 
achieve sustained virologic response with direct‑acting antiviral therapy. 
J Infect Dis. 2020;221(1):102–9.

 41. Kawagishi N, Suda G, Nakamura A, Kimura M, Maehara O, Suzuki K, 
Nakamura A, Ohara M, Izumi T, Umemura M, et al. Liver steatosis and 
dyslipidemia after HCV eradication by direct acting antiviral agents are 
synergistic risks of atherosclerosis. PLoS ONE. 2018;13(12):e0209615.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Effect of sofosbuvir-based DAAs on changes in lower-density lipoprotein in HCV patients: a systematic review and meta-analysis
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Search strategy
	Selection criteria
	Study selection and data extraction
	Risk of bias
	Statistical analysis

	Results
	Literature search
	Study characteristics
	SOF-based DAAs vs. non-SOF DAAs
	SOFLDV vs. ASVDCV
	Sensitivity analysis
	Risk of bias
	Publication bias

	Discussion
	Conclusions
	Acknowledgements
	References


