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Hepatology, Vol. 74, No. 5, 2021  

Donor Hepatic Occult Collagen 
Deposition Predisposes to Peritransplant 
Stress and Impacts Human Liver 
Transplantation
Hirofumi Hirao,1* Takahiro Ito ,1* Kentaro Kadono,1 Hidenobu Kojima,1 Bita V. Naini,2 Kojiro Nakamura,1,3 
Shoichi Kageyama,1,3 Ronald W. Busuttil ,1 Jerzy W. Kupiec- Weglinski,1** and Fady M. Kaldas1**

BaCKgRoUND aND aIMS: Environmentally trig-
gered chronic liver inflammation can cause collagen deposits, 
whereas early stages of fibrosis without any specific symptoms 
could hardly be detectable. We hypothesized that some of 
the human donor grafts in clinical liver transplantation (LT) 
might possess unrecognizable fibrosis, affecting their suscep-
tibility to LT- induced stress and hepatocellular damage. This 
retrospective study aimed to assess the impact of occult he-
patic fibrosis on clinical LT outcomes.

appRoaCH aND ReSUltS: Human (194) donor liver 
biopsies were stained for collagen with Sirius red, and posi-
tive areas (Sirius red– positive area; SRA) were measured. 
The body mass index, aspartate aminotransferase/alanine ami-
notransferase ratio, diabetes score was calculated using 962 
cases of the donor data at the procurement. LT outcomes, 
including ischemia- reperfusion injury (IRI), early allograft dys-
function (EAD), and survival rates, were analyzed according 
to SRA and BARD scores. With the median SRA in 194 
grafts of 9.4%, grafts were classified into low- SRA (<15%; 
n  =  140) and high- SRA (≥15%; n  =  54) groups. Grafts 
with high SRA suffered from higher rates of IRI and EAD 

(P  <  0.05) as compared to those with low SRA. Interestingly, 
high SRA was identified as an independent risk factor for 
EAD and positively correlated with the donor BARD score. 
When comparing low- BARD (n  =  692) with high- BARD 
(n  =  270) grafts in the same period, those with high BARD 
showed significantly higher post- LT transaminase levels and 
higher rates of IRI and EAD.

CoNClUSIoNS: These findings from the largest clinical 
study cohort to date document the essential role of occult 
collagen deposition in donor livers on LT outcomes. High- 
SRA and donor BARD scores correlated with an increased 
incidence of hepatic IRI and EAD in LT recipients. This 
study provides the rationale for in- depth and prospective 
 assessment of occult fibrosis for refined personalized LT man-
agement. (Hepatology 2021;74:2759-2773).

Although liver transplantation (LT) has become 
the standard care for patients with end- stage 
liver diseases and those with hepatic malignan-

cies, graft dysfunction is not uncommon and remains 

Abbreviations: Abs, antibodies; ALT, alanine aminotransferase; APRI, AST to platelet ratio index; AST, aspartate aminotransferase; Atg5, 
autophagy- related 5; Atg7, autophagy- related 7; BARD, BMI, AST/ALT ratio, diabetes; BMI, body mass index; DCD, donation after circulatory 
death; EAD, early allograft dysfunction; FIB- 4, Fibrosis- 4; H&E, hematoxylin and eosin; HMGB1, high mobility group protein B1; IR, ischemia- 
reperfusion; IRI, ischemia- reperfusion injury; LT, liver transplantation; MCP1, monocyte chemoattractant protein- 1; MELD, Model for End- Stage 
Liver Disease; NAFLD- FS, NAFLD Fibrosis Score; POD, postoperative day; SRA, Sirius red– positive area; UCLA, University of California Los 
Angeles.
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a serious complication in LT recipients. Indeed, the 
incidence of early allograft dysfunction (EAD) occurs 
in as much as 25% of all LT’s, varying from 10.8% 
to 36.3% between centers.(1) Despite continuously 
improving graft survival attributable to surgical tech-
niques and postoperative management, nearly 30% of 
LT recipients lose their graft within 5 years.(2,3) With 
clinical studies indicating the association between 
EAD and ultimate graft loss,(4,5) preventive strategies 
against EAD are warranted. Besides, severe donor liver 
shortage, evidenced by >10,000 patients registered on 
transplant waiting lists for a life- saving organ, remains 
the major challenge.(2) Moreover, the age of recipients 
has increased steadily in the past decade, and 25% of 
recipients are >65 years in the USA.(6) The imbalance 
between ever- growing LT candidates with advanced 
age and organ shortage increases patients’ acuity on 
transplant waiting lists.(7) Although donor short-
age encourages the use of extended criteria organs to 
increase LT access, the use of marginal livers has to be 
critically examined, especially for high- acuity patients.

Chronic liver inflammation causes fibrosis, result-
ing from an imbalance between collagen deposition 
and reabsorption, ultimately leading to cirrhosis, 
the 12th- leading cause of death in the USA.(8) The 
early stage of hepatic fibrosis develops without any 
symptoms, recognizable clinical variables, or macro-
scopic abnormalities on the liver surface. A fibrotic/
cirrhotic graft has generally been considered unsuit-
able for LT.(9) However, despite numerous reports on 
the development of hepatic fibrosis after LT,(10- 13) 
the impact of collagen deposition in donor livers on 

recipient outcomes remains to be thoroughly inves-
tigated. Others have reported that LT recipients 
implanted with early- stage fibrotic livers, diagnosed 
as F1 or F2 (the Knodell- modified histological activ-
ity index; Ishak score; F0- F4),(14) showed survival 
comparable with nonfibrotic (F0) livers.(15) This 
implies the acceptability of donor liver grafts with 
early- stage fibrosis pathology. However, the degree 
of collagen deposition may be different in each 
donor liver, even if diagnosed at the same scores (F1 
or F2) or as “nonfibrotic” (F0) by common assess-
ment.(14,16) Considering ever- increasing exposure 
to arrays of metabolic and environmental stresses, 
we reasoned that some donor livers develop occult 
fibrosis, which, in turn, may influence hepatic sus-
ceptibility to LT stress and hepatocellular damage. 
Indeed, precise quantification of collagen deposi-
tion is needed to evaluate the impact of early fibro-
sis on LT injuries and clinical outcomes, including 
ischemia- reperfusion injury (IRI) and EAD.

In this study, we aimed to determine whether occult 
fibrosis, assessed by Sirius red staining, correlates with 
LT clinical outcomes. Adult LTs (n = 962) performed 
at University of California Los Angeles (UCLA) were 
retrospectively analyzed for collagen deposition with 
Sirius red staining (n = 194). Unexpectedly, we found 
that inapparent fibrosis was significantly associated 
with EAD and IRI. By providing the evidence that 
the hidden collagen deposit at the time of procure-
ment affects LT outcomes, this study offers insight 
into the management of clinical LT patients, espe-
cially in the high- acuity patient population.
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Surgery,  Kyoto University, Kyoto, Japan.
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Patients and Methods
patIeNt SeleCtIoN aND Data 
ColleCtIoN

This study was approved by the UCLA Institutional 
Review Board (IRB#13- 00143, 18- 000125, and 19- 
000845). We performed a retrospective analysis of 
adult LT cases (recipient age ≥18  years; January 2012 
to December 2018). Of 1,011 LTs in the study period, 
962 LT cases were included in this study after exclud-
ing 49 LTs lacking detailed data (Supporting Fig. S1). 
All patients received standard immunosuppressive ther-
apy, per our institutional protocol, during the periop-
erative period. All liver grafts were procured from 
donation after brain death or circulatory death (DCD) 
donors using standard procurement techniques and 
were cold- stored in University of Wisconsin solution. 
We collected data including histological findings, recip-
ient demographics, donor characteristics, graft ischemia 
time, and patient/graft outcomes, including postopera-
tive laboratory data in the first 7 post- LT days. EAD 
was defined by the presence of one or more of the fol-
lowing: bilirubin level of ≥10 mg/dL on postoperative 
day (POD) 7; prothrombin time/international normal-
ized ratio ≥1.6 on POD7; or aspartate aminotransfer-
ase (AST)/alanine aminotransferase (ALT) levels of 
>2,000 IU/L within the first 7 days. LT rejection was 
diagnosed by follow- up biopsy done per clinical stan-
dard of care. Graft survival time was calculated from the 
date of LT to the date of graft failure (patient death/
retransplantation) or the date of the last follow- up if 
graft failure did not occur.

HIStologICal aSSeSSMeNt 
oF lIVeR FIBRoSIS/CollageN 
DeteCtIoN By SIRIUS ReD 
StaININg

One hundred ninety- four formalin- fixed, paraffin- 
embedded unstained LT biopsy specimens were 
obtainable from consented patients for Sirius red 
staining and further assessment. Biopsies during LT 
were performed routinely on all cases (not individ-
ual clinical indication) during the earlier years of the 
study period. This practice was subsequently adjusted, 
and biopsies were only done for ongoing research 
or data- bank collection on consented patients. Tru- 
cut needle biopsies were obtained from the left lobe 

during LT, and formalin- fixed, paraffin- embedded LT 
biopsy specimens were stained with the Picro Sirius 
Red Stain Kit (ab150681; Abcam, Cambridge, MA) 
in one run for this study. Sirius red– positive area 
(SRA; %) was calculated as follows. The images of the 
whole liver biopsy area in each specimen were cap-
tured with 200× magnification (the average number of 
pictures in each sample was 50.0) by the All- in- One 
Fluorescence Microscope BZ- X800 (Keyence, Itasca, 
IL). Then, the positive area and the entire biopsy 
area were calculated using ImageJ software (NIH, 
Bethesda, MD). The detailed analysis method is avail-
able in the Supporting Information (Supporting Fig. 
S2). Additionally, liver fibrosis stage was assessed by 
hematoxylin and eosin (H&E) and trichrome stain-
ing, according to the Metavir system.(16)

NoNINVaSIVe eValUatIoN oF 
lIVeR FIBRoSIS

The following scores in donor livers were evalu-
ated: AST/ALT ratio,(17) (APRI),(18) Fibrosis- 4 (FIB- 
4) score,(19) NAFLD Fibrosis Score (NAFLD- FS),(20) 
and body mass index (BMI), AST/ALT ratio, diabetes 
(BARD) scores.(21) Correlations between each score 
and LT outcomes were analyzed.

eValUatIoN oF 
HIStologICal HepatIC IRI oN 
poStRepeRFUSIoN lt BIopSy

Four hundred sixty- six liver biopsies were obtained 
after portal reperfusion (before surgical closure of 
the abdomen), and then the degree of hepatic IRI 
was evaluated by H&E staining (Supporting Table 
S1). These specimens were reviewed and assessed by 
a blinded transplant hepatopathologist and graded 
semiquantitatively for IRI severity as previously 
described by our group.(22,23)

WeSteRN BlottINg
Forty- nine protein samples were available for 

extraction from liver tissues, and their concentra-
tion was measured using the BCA Protein Assay 
Kit (ThermoFisherScientific, Waltham, MA). Equal 
amounts of protein were electrophoresed, blotted, incu-
bated with primary antibodies (Abs), secondary horse-
radish peroxidase– conjugated Abs, and developed. 
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Primary Abs detecting high mobility group protein 
B1 (HMGB1; #6893, clone D3E5), autophagy- related 
7 (Atg7; #8558, clone D12B11), autophagy- related 5 
(Atg5; #12994, clone D5F5U), and β- actin (#12620, 
clone D6A8; Cell Signaling Technology, Danvers, 
MA) were used. The densitometry quantification was 
performed to compare target protein expression lev-
els in multiple human LT samples, as reported.(24- 26) 
Briefly, in a preliminary study, one of the biopsy sam-
ples expressing all target proteins was chosen and 
assigned as a control sample. Equal amounts of pro-
tein lysate from each sample were then applied to each 
well or gel, and target band intensity is expressed as 
relative band intensity to that of the positive control in 
the same gel. Target relative protein value was further 
normalized according to β- actin intensity.

IMMUNoFlUoReSCeNCe
Paraffin- embedded postreperfusion liver biopsy 

sections were stained with rabbit anti- HMGB1 Ab 
(ab18256; Abcam) and mouse anti- COL1A (collagen 
type I alpha) Ab (sc- 59772; Santa Cruz, Dallas, TX). 
Signals were visualized with secondary Alexa Fluor 
Abs.(24,26)

QUaNtItatIVe Rt- pCR aNalySIS
RNA extracted with the RNeasy Mini Kit (Qiagen) 

was reverse- transcribed into complementary DNA. 
Quantitative PCR was performed using QuantStudio 
3 (Applied Biosystems). Target gene expression was 
normalized to the housekeeping gene, glyceraldehyde 
3- phosphate dehydrogenase.(24,26)

StatIStICal aNalySIS
Group comparisons were performed using the 

Mann- Whitney U test for continuous values and the 
chi- square or Fisher’s exact test for categorical vari-
ables, as appropriate. Spearman’s correlation coefficient 
(r) and or the Cochran- Armitage test for trend were 
used to evaluate the strength of the linear relationship 
between variables. Survival curves were generated by 
the Kaplan- Meier method, and differences in survival 
rates were analyzed using the log- rank test. To iden-
tify predictors for EAD, a logistic regression model 
was used for multivariate analysis. A P value of <0.05 
was considered statistically significant, and the CI was 
determined at 95%. All analyses were performed using 

IBM SPSS Statistics (version 26; IBM Corporation, 
Armonk, NY) and R software (version 3.5.0; R 
Development Core Team).

Results
QUaNtIFICatIoN oF CollageN 
DepoSItIoN IN HUMaN lt

One hundred ninety- four hepatic allograft biopsy 
specimens obtained during LT surgery were stained 
with Sirius red to evaluate the extent of collagen depo-
sition in human donor livers. SRA percentage was 
calculated by dividing the positive area by the entire 
biopsy area. Representative Sirius red staining images 
are shown in Fig. 1A- D (A, SRA <5%; B, SRA = 9.5%; 

FIg. 1. Collagen deposit evaluation by Sirius red staining in 
human LT. Liver biopsy samples were collected from human donor 
livers (n = 194) during LT surgery. Biopsy specimens were stained 
with Sirius red, and the percentage of SRA (%) was calculated in 
the entire biopsy. Representative cases are shown: (A) SRA <5%; 
(B) SRA = 9.5%; (C) SRA = 14.1%; (D) SRA = 20.4%; and (E) 
SRA distribution. Median SRA was 9.4% (range, 1.1- 35.9).
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C, SRA = 14.1%; D, SRA = 20.4%). Figure 1E shows 
the distribution of SRA. A median of SRA was 9.4% 
(range, 1.1- 35.9) for 194 cases under investigation.

CollageN DepoSItIoN IN 
DoNoR lIVeR CoRRelateS 
WItH eaD aFteR lt

To determine whether inapparent collagen depo-
sition in donor livers influences LT outcomes, 
194 grafts were initially classified into five groups 
according to SRA of: (1) 0  <  SRA  <  5%; (2) 5 ≤ 
SRA < 10%; (3) 10 ≤ SRA < 15%; (4) 15 < SRA ≤ 
20%; and (5) 20% ≤ SRA. SRA showed a positive 
correlation with the incidence of EAD (P  = 0.025; 
Fig. 2A). We next aimed to search for an optimal 

SRA cut- off value for EAD. Using the receiver 
operating characteristic (ROC) curve, the sensitiv-
ity and specificity for each cut- off value of SRA for 
EAD were obtained (Fig. 2B,C). The cut- off value 
of 15% of SRA showed the maximized sum of sen-
sitivity and specificity.

CollageN DepoSItIoN IN tHe 
DoNoR lIVeR CoRRelateS 
WItH lt eaRly INJURy

Based on a cut- off value of 15%, 194 grafts with 
evaluable SRA were classified into low- SRA (<15%; 
n  =  140) versus high- SRA (≥15%; n  =  54) groups. 
Demographics of recipient/donor/graft are shown in 
Table 1. The high- SRA group showed a significantly 

FIg. 2. Correlation between SRA and EAD and the determination of the optimal cut- off value for EAD. The incidence of EAD was 
positively correlated with SRA (A). Based on the ROC curve (B), the optimal cut- off value for EAD (SRA = 15%) was obtained according 
to the maximized sum of sensitivity and specificity (C).
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taBle 1. Demographics in 194 Human lts With SRa <15% versus SRa ≥15%

SRA <15% SRA ≥15%

 P Valuen = 140 n = 54

Recipient factors

Age (years) 58 (18- 78) 60 (24- 74) 0.086

Sex (female/male) 47/93 20/34 0.649

BMI (kg/m2) 26.9 (16.1- 47.5) 26.6 (17.5- 41.1) 0.818

Comorbidity

DM 49 (35.0) 16 (29.6) 0.478

HTN 60 (42.9) 24 (44.4) 0.841

CAD 25 (17.9) 10 (18.5) 0.914

Underlying liver disease 0.591

HBV 7 (5.0) 2 (3.7)

HCV 55 (39.3) 22 (40.7)

EtOH 24 (17.1) 10 (18.5)

NASH 16 (11.4) 8 (14.8)

ALF 9 (6.4) 3 (5.6)

PBC 2 (1.4) 3 (5.6)

Others 27 (19.3) 6 (11.1)

Preoperative hospital stay (days) 5 (0- 168) 3 (0- 56) 0.978

Preoperative ICU admission 75 (53.6) 26 (48.1) 0.498

Laboratory data at LT

AST (IU/L) 67 (18- 6,705) 57 (22- 1,918) 0.180

ALT (IU/L) 35 (9- 6,850) 37 (8- 3,705) 0.993

Laboratory MELD 30.9 (6.4- 46.2) 31.4 (6.4- 45.9) 0.922

Donor factors

Age (years) 35 (13- 74) 43 (16- 72) 0.074

Sex (female/male) 62/78 18/36 0.165

BMI (kg/m2) 26.3 (17.3- 53.0) 25.8 (19.6- 38.7) 0.907

Comorbidity

DM 8 (5.7) 8 (14.8)  0.039 

HTN 36 (25.7) 14 (25.9) 0.976

CAD 8 (5.8) 2 (3.7) 0.729

Cause of death 0.814

Trauma 49 (35.0) 22 (40.7)

CVS 48 (34.3) 18 (33.3)

Anoxia 41 (29.3) 13 (24.1)

Others 2 (1.4) 1 (1.9)

Laboratory data at procurement

AST (IU/L) 38 (9- 483) 49 (12- 260) 0.113

ALT (IU/L) 32 (8- 730) 32 (11- 74) 0.759

DCD 7 (5.0) 3 (5.6) >0.999

HCV Ab positive 3 (2.1%) 2 (3.7%) 0.619

Cold ischemia time (min) 440 (138- 878) 419 (234- 757) 0.590

Warm ischemia time (min) 48 (24- 79) 49 (23- 77) 0.834

Large droplet steatosis ≥30% 4 (2.9) 4 (7.4) 0.222

Fibrosis on H&E and trichrome (≥F1) 1 (0.7) 0 >0.999

Bold represent statistical significance.
Abbreviations: ALF, acute liver failure; CAD, coronary artery disease; CVS, cerebrovascular stroke; DM, diabetes mellitus; EtOH, alcohol- 
associated (ethanol) liver disease; HTN, hypertension; ICU, intensive care unit; PBC, primary biliary cholangitis.
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higher rate of diabetes as donor comorbidity (14.8% 
vs. 5.7%; P = 0.039). There were no differences in graft 
ischemia time, rate of HCV antibody- positive donor, 
rate of large droplet macrovesicular (≥30%) steatosis, 
and liver fibrosis according to the Metavir system 
between the two groups. There were no differences in 
recipient factors, including age, sex, BMI, comorbidity 
underlying liver disease, preoperative length of hos-
pital stay, laboratory data, and Model for End- Stage 
Liver Disease (MELD) score.

The high- SRA group showed higher trends in 
post- LT maximal transaminase levels (Fig. 3A,B). 

In parallel, the high- SRA group had a significantly 
higher incidence of mild- to- severe IRI (66.7% vs. 
50.0%; P  =  0.037) and EAD (38.9% vs. 22.9%; 
P = 0.025). There were no relationships between SRA 
and acute rejection or biliary complications, including 
leakage and stricture after LT. Subanalysis by recipient 
and donor age revealed that recipients aged >60 years 
implanted with high- SRA grafts experienced a higher 
incidence of EAD than those with low- SRA grafts 
(42.9% vs. 17.5%; P = 0.012; Fig. 3C). In comparison, 
SRA did not affect the incidence of EAD in recipients 
aged <60 years (34.6% vs. 26.5%; P = 0.424). From the 
point of view of the donor’s age, high- SRA grafts from 
donors >40 years rendered a significantly higher inci-
dence of EAD as compared to low- SRA grafts (44.8% 
vs. 22.4%; P = 0.031), whereas, regardless of SRA, liv-
ers from donors <40 years had no impact on the rates 
of EAD (32.0% vs. 23.3%; P = 0.374). Upon log- rank 
testing, there were no significant differences in graft 
survival after LT between the two groups. However, 
in terms of short- term outcomes, the high- SRA 
group exhibited a significantly inferior graft survival 
compared to the low- SRA group (88.9% vs. 95.7%; 
P  =  0.042; Supporting Fig. S3A) at 3  months after 
LT (P value obtained by comparing graft failure inci-
dence within 3 months as binary outcomes). Similarly, 
recipients >60  years implanted with high- SRA livers 
showed inferior 3- month graft survival compared to 
those with low- SRA (89.3% vs. 94.7%; P  =  0.087; 
Supporting Fig. S3B). Also, recipients implanted with 
high- SRA livers from donors >40 years exhibited sig-
nificantly worse short- term LT survival as compared 
to low- SRA donor livers (86.2% vs. 98.3%; P = 0.011, 
Supporting Fig. S3C). There were no differences 
in short-  and long- term graft survival rates in sub-
group analysis by the donor (<40 years) and recipient 
(<60 years) age (Supporting Fig. S3D,E).

SRa IS aN INDepeNDeNt 
pReDICtIVe FaCtoR FoR eaD

To determine whether high SRA is a predictor of 
EAD, we conducted a multivariate analysis. Supporting 
Table S2 shows the univariate analysis for EAD risk 
factors (comparing grafts with EAD vs. non- EAD). 
Grafts with EAD had significantly higher donor BMI 
(29.2 vs. 25.7 kg/m2; P  = 0.013), longer cold ischemia 
time (500 vs. 419 minutes; P = 0.010), and higher rates 
of donor hypertension (35.8% vs. 20.0%; P  =  0.049), 

FIg. 3. SRA in LT correlates with postoperative liver damage 
and subanalysis of EAD by recipient and donor age. One- hundred 
ninety- four grafts with evaluable SRA were classified into SRA 
<15% and SRA ≥15%. (A) Grafts with SRA ≥15% had higher 
trends in post- LT maximal transaminase level. (B) Grafts with 
SRA ≥15% had significantly higher rates of mild- to- severe hepatic 
IRI and EAD (P  <  0.05). Meanwhile, there were no differences 
in rates of acute rejection and biliary complications, including 
leakage and stricture. (C) Subanalysis by recipient and donor age 
showed significantly higher rates of EAD in grafts with SRA ≥15% 
compared to grafts with SRA <15% in recipients aged ≥60 years and 
donors ≥40 years. However, no statistical differences in EAD rates 
were shown in subanalysis for young- age recipients (<60 years) and 
donors (<40 years). *P < 0.05.
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large droplet macrovesicular steatosis (≥30%; 11.3% 
vs. 1.4%; P = 0.006), and high SRA (39.6% vs. 23.4%; 
P  =  0.025). On multivariate analysis, high SRA was 
identified as an independent predictive factor of EAD 
(odds ratio = 2.258; 95% CI, 1.090- 4.675; P  = 0.028), 
along with longer cold ischemia time and large droplet 
macrovesicular (≥30%) steatosis (Table 2).

SRa NegatIVely CoRRelateS 
WItH aUtopHagy- RelateD 
pRoteIN aND HMgB1 
eXpReSSIoNS IN lt

In the current study, donors with high- SRA livers 
were older than their low- SRA counterparts (Table 1). 
Given that autophagy is known to be involved in 
aging and liver pathology,(27) we reasoned that high- 
SRA livers might be more susceptible to peritrans-
plant ischemia- reperfusion (IR) stress attributable to 
the impairment of autophagy induction resulting from 
aging. We screened for western- assisted Atg5, Atg7, 
and HMGB1 protein expression patterns at 2  hours 
postreperfusion in 49 LT cases. High- SRA livers 
showed decreased expression of Atg7 (P  =  0.0058) 
and Atg5 (P  =  0.0206; Fig. 4A,B). Besides, SRA 
was negatively correlated with HMGB1 expression 
(P = 0.041; Fig. 4C). Representative western- assisted 
HMGB1 expression in low- SRA and high- SRA 
grafts is shown in Fig. 4D. To confirm the localization 
of HMGB1 and type 1 collagen, we evaluated liver 
specimens by immunohistochemistry. Consistent with 
western blotting data, the lower HMGB1 expression 
with higher type 1 collagen deposits were preferential 
for high- SRA livers (Fig. 4E). In postreperfusion LT 
biopsy samples, SRA correlated positively, albeit insig-
nificantly, with gene expression coding for activated 
monocyte/macrophage markers monocyte chemoat-
tractant protein- 1 (MCP1) and CD68 (Supporting 

Fig. S4). Figure 4F depicts a simplified mechanistic 
scheme of the peritransplant hepatocellular damage in 
a high- SRA liver graft.

BaRD SCoRe CoRRelateS WItH 
lt DaMage aND SRa

We next asked whether noninvasive fibrosis scores, 
such as BARD, FIB- 4, APRI (AST to platelet ratio 
index), and NAFLD- FS, indonors correlated with LT 
outcomes as well as extent of graft fibrosis, evaluated 
by Sirius red staining. Five liver fibrotic scores at the 
time of procurement of 194 cases were analyzed for 
correlation with graft damage (IRI and EAD) and 
SRA. AST/ALT ratio, NAFLD- FS, and FIB- 4 were 
all significantly higher in SRA ≥15% grafts when 
compared with the SRA <15% group (Supporting Fig. 
S5). However, those scores failed to show a significant 
correlation with the incidence of EAD and IRI, except 
for NAFLD- FS in IRI (P = 0.035). The BARD score 
was positively correlated with EAD (P  =  0.018), IRI 
(P  = 0.010), and SRA (P  = 0.008; Fig. 5A- C). Thus, 
we used the BARD score as a noninvasive liver fibrotic 
measure to predict LT clinical outcomes. Percentages 
of donor BARD score in each group were as follows: 
low- SRA: 0, 17.1% (n  =  24); 1, 12.9% (n  =  18); 2, 
45.0% (n = 63); 3, 23.6% (n = 33); and 4, 1.4% (n = 2); 
high- SRA: 0, 7.4% (n = 4); 1, 11.1% (n = 6); 2, 40.7% 
(n = 22); 3, 31.5% (n = 17); and 4, 9.3% (n = 5).

To determine the impact of the donor BARD score 
on clinical outcomes, we assessed 962 human LT cases 
and calculated the BARD score from donor parame-
ters at the time of liver procurement. These were clas-
sified into low- BARD (0- 2) versus high- BARD (3- 4) 
groups (Table 3). The high- BARD group had signifi-
cantly older donor age (44 vs. 32  years; P  <  0.001), 
higher BMI (30.7 vs. 24.6  kg/m2; P < 0.001), and 
higher rates of the following comorbidities: diabetes 

taBle 2. Multivariate analysis for Risk Factors for eaD in Human lt

Factors Odds Ratio (95% CI)  P Value

Donor BMI (per kg/m2) 1.030 (0.974- 1.090) 0.298

Donor HTN 1.731 (0.801- 3.744) 0.163

Cold ischemia time (per min) 1.004 (1.001- 1.007)  0.005 

Large droplet macrovesicular steatosis (≥30%) 8.472 (1.450- 49.492)  0.018 

High SRA (≥15%) 2.258 (1.090- 4.675)  0.028 

Bold represent statistical significance.
Abbreviation: HTN, hypertension.
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(24.1% vs. 3.3%; P < 0.001); hypertension (46.3% vs. 
19.1%; P < 0.001); and coronary artery disease (7.8% 
vs. 2.6%; P  <  0.001). Additionally, the high- BARD 
group had significantly higher/lower rates of cerebro-
vascular stroke (41.9% vs. 27.5%)/anoxia (21.5% vs. 
29.3%) as the cause of death (P < 0.001) and higher/
lower AST (42 vs. 36  IU/L; P  =  0.001)/ALT (27 
vs. 33  IU/L; P  <  0.001), respectively. Donor grafts 
characterized by a BARD score of 3- 4 had signifi-
cantly higher AST/ALT levels at POD1- 7 (P < 0.05;  
Fig. 5D,E). Also, grafts with a high BARD score  
(3- 4) had significantly higher rates of mild- to- severe 
IRI (60.7% vs. 45.6%; P  =  0.003, in 466 grafts with 
evaluable IRI) and EAD (33.0% vs. 24.8%; P = 0.008). 
There were no differences in acute rejection and bili-
ary complication rates (Fig. 5F).

Discussion
Our UCLA- based retrospective study in 194 LT 

patients provides evidence that inapparent collagen 
levels in donor tissue at the time of liver procurement 
may influence not only allograft quality, but also clin-
ical outcomes. These results are evident by (1) high- 
SRA (≥15%) grafts experiencing significantly higher 
rates of IRI and EAD; (2) high SRA being identified 
as an independent predictive factor of EAD; (3) SRA 
negatively correlating with the hepatic expression of 
HMGB1, Atg5, and Atg7 in LT; and (4) SRA show-
ing a positive correlation with the gene expressions of 
proinflammatory macrophage markers (MCP1 and 
CD68). These results indicate that human donor livers 
with early- stage hepatic collagen deposition may be 
particularly susceptible to LT- related stress and dys-
function. Consistent with the Wadhera et al. study,(15) 
SRA was not a prognostic factor for long- term LT 
survival in our series. However, it is difficult to con-
clude about the safety of the early- stage fibrotic grafts 

because of the differences between the studies: (1) 
donor background: All of the donor livers except one 
case were diagnosed as F0 in our study, whereas their 
study included livers with F0- F2, and compared F0 
versus F1, F2; (2) fibrosis evaluation: They used H&E 
staining or trichrome staining instead of Sirius red 
staining as in our study; and (3) recipient background: 
In our single- center study, the median MELD score 
was 31, that is, considerably higher than Wadhera et 
al.’s (25- 27) or nation- wide MELD scores (18- 25) 
among 11 United Network for Organ Sharing regions 
( January 2015 to December 2016),(28) demonstrating 
the higher acuity of our LT patient cohort. Indeed, we 
found that high- SRA livers at the time of procure-
ment showed increased incidence of IRI and EAD and 
experienced inferior short- term survival. Also, recipi-
ents implanted with high- SRA livers from donors 
aged ≥40 years experienced a higher incidence of EAD 
than low- SRA grafts from donors aged ≥40 years and 
showed inferior short- term LT survival. Meanwhile, 
the recipient group aged >60  years with high- SRA 
grafts showed a higher frequency of EAD and a worse 
short- term graft survival than those with low- SRA 
grafts. In agreement with a previous report,(29) these 
results suggest that younger donor livers may be safely 
used regardless of SRA. The high- SRA livers may not 
be suitable, especially for older recipients. Thus, inap-
parent graft fibrosis may be safe for recipients with 
low acuity (e.g., younger age) while influencing clin-
ical outcomes meaningfully when transplanted into 
severely ill recipients (e.g., older patients). If this is the 
case, histological hepatic collagen detection should be 
considered essential for personalized LT management 
in the high- acuity patient cohort, even if the grafts are 
assessed as nonfibrotic by histology.

Hepatic IRI, an inevitable event during LT, 
is thought to cause hepatocellular damage lead-
ing to EAD in humans.(30,31) To further under-
stand the mechanism of how high SRA may affect 

FIg. 4. Hepatic SRA negatively correlates with Atg7, Atg5, and HMGB1 levels in human LT. Forty- nine human LT biopsy samples 
were collected and analyzed at 2 hours postreperfusion. (A,B) Pretransplant hepatic SRA was correlated negatively with posttransplant 
western- assisted expression of autophagy- related proteins (Atg7, P = 0.005; Atg5, P = 0.020). (C) SRA was negatively correlated with 
HMGB- 1 expression (P = 0.041). (D) Representative HMGB1 expression profiles in high-  versus low- SRA cases (case 1/2, low SRA; 
case 3/4, high SRA). (E) Representative immunofluorescence staining for type 1 collagen and HMGB1 (n  =  2 per group; original 
magnification, ×200). (F) Proposed mechanistic scheme of IR- related hepatocellular injury in a high- SRA donor liver. Environmental 
factors, such as obesity or aging, increase the intrahepatic collagen deposition. High- SRA livers fail to induce autophagy against IR stress 
leading to the hepatocellular damage with enhanced HMGB1 release. IR stress in high- SRA livers releases a higher amount of MCP1 
and recruits CD68- positive macrophages.
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graft damage, we assessed the protein expressions 
of HMGB1, Atg5, and Atg7 at 2  hours postreper-
fusion in human LT biopsy samples and found that 
they negatively correlated with SRA. HMGB1, a 
well- characterized damage- associated molecular pat-
tern, has been identified as a potent proinflamma-
tory sentinel.(32,33) We have reported that hepatocyte 
Toll- like receptor 4– dependent HMGB1 expression/
release correlated with LT outcomes,(26) and the 
disulfide- HMGB1 redox form was instrumental in 
promoting sterile inflammation in IR- stressed human 
LT.(33) The high- SRA group showed less intrahepatic 
HMGB1 expression and had higher posttransplant 
transaminase release, indicating that high- SRA livers 
are more vulnerable to IR- related injury and read-
ily release HMGB1 to the extracellular space. Local 
innate immune cells (e.g., Kupffer cells or infiltrating 
macrophages) sense HMGB1 through their pattern 
recognition receptors and promote the inflammatory 
cascade. Autophagy associates not only with aging(34) 
or liver fibrosis,(27) but also with liver IRI.(35,36) Others 
reported that autophagic activity declines with aging, 
whereas Atg5 overexpression exhibited an antiaging 
phenotype and extended the life span in mice.(37) In 
194 cases subjected to SRA analysis, donors with high- 
SRA (>15%) grafts were older than those with low- 
SRA, and SRA negatively correlated with Atg5/Atg7. 
Taken together, increased susceptibility of the high- 
SRA group to IRI might be explained by the impair-
ment of age- related hepatic autophagy. However, the 
question arises of why high- SRA grafts did not affect 
long- term survival despite the higher incidence of IRI 
and EAD. There are some ways to reconcile this dis-
cordance. First, we and others previously reported that 
histological IRI severity was an indicator of short- 
term hepatocellular injury after LT.(23) Indeed, only 
severe IRI might develop EAD leading to ultimate 
graft failure.(31) This indicates that early phases of 
LT- related injury, such as IRI or EAD, may not affect 
long- term outcomes if reversible or mitigated because 
of the advances in surgical techniques and postopera-
tive management. Second, a recent experimental study 

by Konishi et al.(38) demonstrated that CCL4- induced 
fibrotic livers subjected to warm IRI had significantly 
higher serum transaminase levels as compared to 
normal livers, whereas fibrotic livers recovered more 
quickly than nonfibrotic livers after IRI. In addition, 
Zhao et al. documented that both in experimental and 
clinical settings, renal- transplant– related IRI contrib-
uted to long- term outcomes through the mechanisms 
of renal atrophy, vascular injury, and subsequent fibro-
sis.(39) Collectively, one may envision that fibrotic 
human liver grafts are susceptible to IR stress, whereas 
some donor livers may recover more quickly without 
IRI sequelae, such as de novo fibrosis as compared to 
nonfibrotic grafts. Although some grafts may fail to 
recover from “irreversible” IRI, it awaits future study 
whether high- SRA grafts could recover promptly 
from IR- related hepatocellular damage. Konishi et al. 
also showed that murine fibrotic livers after IRI were 
accompanied by the increase of infiltrating Ly6C- 
low macrophages with high phagocytosis ability. 
In our current study, SRA showed a positive, albeit 
insignificant, correlation with hepatic expression of 
mRNA coding for MCP1 and CD68. This indicates 
an increased frequency of macrophage populations in 
high- SRA human livers. Future studies need to elu-
cidate which macrophage subpopulations infiltrate 
high- SRA livers, whether their phenotypes are pro-  or 
anti- inflammatory, and may undergo a functional shift 
to contribute to long- term outcomes.

To the best of our knowledge, our study is the 
largest to demonstrate a correlation between inappar-
ent fibrotic SRA status (n =  194) and donor BARD 
score (n = 962) at LT procurement. In our 962- patient 
cohort, increased hepatic BARD score was accompa-
nied by significantly higher post- LT serum trans-
aminase levels and higher IRI/EAD rates. The high 
BARD score in the donor demographics was cor-
related with older donor age, higher BMI, and higher 
rates of hypertension, diabetes, and coronary artery 
disease. Meanwhile, high- SRA livers had a higher 
rate of diabetes as comorbidity and were from older 
donors, and also SRA positively correlated with the 

FIg. 5. Donor BARD score correlates with LT damage. (A- C) Under the analysis of 194 cases, donor BARD score positively correlated 
with SRA (P = 0.008), EAD (P = 0.018), and IRI (P = 0.010). (D,E) Nine hundred sixty- two human donor livers were classified into 
BARD: 0- 2 versus BARD: 3- 4. LT recipients with donor BARD score 3- 4 had significantly higher AST/ALT levels at POD1- 7 (P < 0.05). 
(F) LT recipients with donor BARD score 3- 4 had significantly higher rates of mild- severe IRI (466 cases) and EAD (P < 0.05). There 
were no differences in rates of acute rejection or biliary complications. *P < 0.05.
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taBle 3. Demographics in 962 Human lts With Donor BaRD Score: 0- 2 versus 3- 4

Factors

BARD: 0- 2 BARD: 3- 4

 P Valuen = 692 n = 270

Recipient factors

Age (years) 57 (18- 78) 58 (22- 80) 0.526

Sex (female/male) 294 (42.5)/398 (57.5) 87 (32.2)/183 (67.8)  0.003 

BMI (kg/m2) 27.0 (13.6- 49.9) 27.3 (16.1- 57.1) 0.051

Comorbidity

DM 233 (33.7) 91 (33.7) 0.992

HTN 299 (43.2) 113 (41.9) 0.702

CAD 119 (17.2) 42 (15.6) 0.54

Underlying liver disease 0.312

HBV 31 (4.5) 15 (5.6)

HCV 196 (28.3) 87 (32.2)

EtOH 149 (21.5) 54 (20.0)

NASH 90 (13.0) 41 (15.2)

ALF 40 (5.8) 14 (5.2)

PBC 19 (2.7) 11 (4.1)

Others 167 (24.1) 48 (17.8)

Preoperative hospital stay (days) 27 (0- 394) 25 (1- 717) 0.476

Preoperative ICU admission 402 (58.1) 138 (51.1)  0.04991 

Laboratory data at LT

AST (IU/L) 65 (14- 12,606) 64 (12- 6,917) 0.524

ALT (IU/L) 34 (6- 6,850) 32 (4- 6,619) 0.756

Laboratory MELD 34.3 (6.4- 51.0) 33.3 (6.4- 48.9)  0.046 

Donor factors

Age (years) 32 (7- 76) 44 (11- 74)  <0.001 

Sex (female/male) 263 (38.0)/429 (62.0) 104 (38.5)/166 (61.5) 0.883

BMI (kg/m2) 24.6 (13.4- 49.6) 30.7 (18.9- 53.0)  <0.001 

Comorbidity

DM 23 (3.3) 65 (24.1)  <0.001 

HTN 132 (19.1) 125 (46.3)  <0.001 

CAD 18 (2.6) 21 (7.8)  <0.001 

Cause of death  <0.001 

Trauma 285 (41.2) 95 (35.2)

CVS 190 (27.5) 113 (41.9)

Anoxia 203 (29.3) 58 (21.5)

Others 14 (2.0) 4 (1.5)

Laboratory data at procurement

AST (IU/L) 36 (5- 859) 42 (7- 776)  0.001 

ALT (IU/L) 33 (5- 750) 27 (5- 689)  <0.001 

DCD 28 (4.1) 12 (4.5) 0.776

HCV Ab positive 12 (1.7) 4 (1.5) >0.999

Cold ischemia time (min) 450 (138- 909) 454 (162- 1,252) 0.47

Warm ischemia time (min) 47 (16- 153) 48 (18- 138) 0.299

Large droplet steatosis ≥30% (n = 466) 9/331 (2.7) 4/135 (3.0) 0.885

Bold represent statistical significance.
Abbreviations: ALF, acute liver failure; CAD: coronary artery disease; CVS, cerebrovascular stroke; DM, diabetes mellitus; EtOH, alcohol- 
associated (ethanol) liver disease; HTN, hypertension; ICU, intensive care unit; PBC, primary biliary cholangitis.
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BARD score. Collectively, these findings imply that 
environmental factors, such as aging or diabetes, 
increase the inapparent collagen deposition in donor 
livers and the BARD score may potentially reflect 
donor liver quality. However, further investigations 
need to address whether the BARD score can sub-
stitute for SRA assessment because high SRA, rather 
than high BARD score, was one of the independent 
predictive factors of EAD. Hence, the histological 
SRA assessment in the donor liver seems superior 
to BARD score evaluation to predict LT short- term 
outcomes.

In the present study, we used Sirius red with 
paraffin- embedded slides as a reliable method for 
evaluating collagen deposition in human LT.(40,41) 
This method is time- consuming and may not be 
clinically suitable. However, Sirius staining was suc-
cessfully used in frozen muscle tissue sections.(42) 
Hence, we need to validate whether SRA stains in 
liver- frozen and paraffin sections are equally valuable 
for analyses. If consistent, we believe SRA, along with 
macrosteatosis determination, will be one of the most 
promising indicators of the donor liver quality. We 
also anticipate clinical incorporation of SRA staining 
to facilitate decision making about graft usability and 
donor recipient matching for grafts placed on a nor-
mothermic machine, given that there would be ample 
time to obtain the staining results before performing 
the transplant. We also envision a scenario where the 
SRA stain findings might help guide early postoper-
ative management and decision making in a manner 
similar to IRI or EAD where graft dysfunction and 
retransplantation may be a consideration. Although 
our findings need to be validated in the external 
cohort, it appears worthwhile to assess hidden fibro-
sis in donor livers as a predictive factor in developing 
IRI and EAD after LT. By shedding light on hidden 
collagen deposition in donor liver tissue, these find-
ings provide a more refined analysis of donor organ 
quality and warrant in- depth studies in animals and 
humans.
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