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OBSERVATIONAL STUDY

DHCR7 Expression Predicts Poor Outcomes 
and Mortality From Sepsis
IMPORTANCE: This is a study of lipid metabolic gene expression patterns to 
discover precision medicine for sepsis.

OBJECTIVES: Sepsis patients experience poor outcomes including chronic crit-
ical illness (CCI) or early death (within 14 d). We investigated lipid metabolic gene 
expression differences by outcome to discover therapeutic targets.

DESIGN, SETTING, AND PARTICITPANTS: Secondary analysis of samples 
from prospectively enrolled sepsis patients (first 24 hr) and a zebrafish endotox-
emia model for drug discovery. Patients were enrolled from the emergency de-
partment or ICU at an urban teaching hospital. Enrollment samples from sepsis 
patients were analyzed. Clinical data and cholesterol levels were recorded. 
Leukocytes were processed for RNA sequencing and reverse transcriptase pol-
ymerase chain reaction. A lipopolysaccharide zebrafish endotoxemia model was 
used for confirmation of human transcriptomic findings and drug discovery.

MAIN OUTCOMES AND MEASURES: The derivation cohort included 96 
patients and controls (12 early death, 13 CCI, 51 rapid recovery, and 20 con-
trols) and the validation cohort had 52 patients (6 early death, 8 CCI, and 38 
rapid recovery).

RESULTS: The cholesterol metabolism gene 7-dehydrocholesterol reductase 
(DHCR7) was significantly up-regulated in both derivation and validation cohorts 
in poor outcome sepsis compared with rapid recovery patients and in 90-day non-
survivors (validation only) and validated using RT-qPCR analysis. Our zebrafish 
sepsis model showed up-regulation of dhcr7 and several of the same lipid genes 
up-regulated in poor outcome human sepsis (dhcr24, sqlea, cyp51, msmo1, and 
ldlra) compared with controls. We then tested six lipid-based drugs in the zebraf-
ish endotoxemia model. Of these, only the Dhcr7 inhibitor AY9944 completely 
rescued zebrafish from lipopolysaccharide death in a model with 100% lethality.

CONCLUSIONS: DHCR7, an important cholesterol metabolism gene, was up-
regulated in poor outcome sepsis patients warranting external validation. This 
pathway may serve as a potential therapeutic target to improve sepsis outcomes.

KEY WORDS: genetics; lipids; sepsis; transcriptomics; zebrafish

Sepsis is life-threatening organ dysfunction caused by a dysregulated 
host response to infection and is the costliest reason for hospital ad-
mission world-wide (1–4). It occurs when a systemic infection results 

in a dysregulated immune response that leads to organ dysfunction and 
potentially death (3). Survivors of sepsis are frequently left with reduced 
quality of life physical function, and long-term survival (5–7). Our group 
has defined and described clinically relevant outcomes that include early 
death (death within the first 14 d of sepsis), chronic critical illness (CCI, 
ICU stay > 14 d with organ dysfunction), and rapid recovery (neither early 
death nor CCI). CCI patients frequently develop the persistent inflamma-
tion immunosuppression and catabolism syndrome (PICS), characterized 

6

5

14June2023

14

June

2023

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Guirgis et al

2          www.ccejournal.org	 June 2023 • Volume 5 • Number 6

by impaired physical function and 1-year mortality 
rates over 40% (7, 8).

We and others have described the protective role of 
lipids and lipoproteins in sepsis (9–12). High-density 
lipoprotein (HDL) has antioxidant and anti-inflamma-
tory proteins (paraoxonase-1 and apolipoprotein A-I) 
that protect against lipid oxidation, prevent inflam-
matory cell activation and chemotaxis, bind and clear 
bacterial toxins, and down-regulate inflammatory 
pathways (9–17). Similarly low-density lipoprotein 
(LDL) may play a role in bacterial endotoxin clear-
ance via the LDL receptor, particularly in gram nega-
tive sepsis, with proprotein convertase subtilisin/kexin 
type 9 playing an important regulatory role (18–21). 
However, dysregulated lipid metabolism occurs in 
sepsis leading to HDL’s conversion to dysfunctional 
and pro-inflammatory HDL (Dys-HDL) that may play 
a role in progression of organ dysfunction, and the 
pathogenesis of CCI, and PICS (9, 22, 23).

Recent studies have shed some light on the genetic 
underpinnings of lipid metabolism in sepsis. A U.K. 
Biobank study identified an important link between 
genetically determined HDL cholesterol (HDL-C) lev-
els and decreased risk of hospitalizations for infectious 
disease, lower odds of outpatient antibiotic usage, and 
reduced risk of mortality from sepsis (24). LDL choles-
terol (LDL-C) and triglyceride levels did not confer the 

same risk reduction (24). However, the U.K. Biobank 
population was of homogenous ancestry. Another 
study identified that a rare missense variant in the 
cholesteryl ester transfer protein (CETP) gene (lowers 
HDL-C levels) was linked with reductions in HDL-C 
during sepsis (25). Carriers of this risk allele had more 
severe organ failure and reduced 28-day survival.

Genetic studies of diverse cohorts are needed to 
understand the role of dysregulated lipid and lipopro-
tein metabolism in sepsis. This study sought to lev-
erage a diverse prospective cohort of sepsis patients 
to investigate transcriptional profiles relevant to lipid 
metabolism in sepsis and associate these differences 
with relevant outcomes. The primary objective was to 
analyze leukocyte gene expression patterns of sepsis 
patients by clinical outcomes by performing both an 
unbiased RNA sequencing (RNA-seq) analysis and a 
focused analysis of relevant lipid metabolism genes 
(47 genes selected a priori). Results were corrobo-
rated in a zebrafish endotoxemia model, which fur-
ther allowed the functional testing of genes relevant to 
sepsis. Zebrafish were selected as they are vertebrates 
that share many anatomic and physiologic similarities 
with humans, most aspects of the immune response, 
and nearly all elements of lipid and lipoprotein metab-
olism (26–28). These investigations may aid the identi-
fication of lipid metabolic pathways that are critical for 
regulating the response to sepsis and identifying new 
potential therapies.

METHODS

Design

We performed a secondary analysis of transcriptomic 
data from four prospective studies of sepsis patients 
enrolled between November 2016 and July 2022 from 
the emergency department at UF Health Jacksonville. 
All human studies were approved by the University of 
Florida Institutional Review Board (IRB-01, approved 
through September 18, 2025) and registered with 
clinicaltrials.gov (NCT02934997, NCT04576819, 
and NCT03405870). STrengthening the Reporting of 
OBservational studies in Epidemiology guidelines for 
observational studies were followed (29). Approval 
for all zebrafish work was granted by the Institutional 
Animal Care and Use Committee (IACUC protocol 
PRO00010679; expiration date March 10, 2025) at The 
University of Michigan (Animal Welfare Assurance 

 
KEY POINTS

Question: Can lipid metabolism gene expression 
patterns distinguish between poor versus favor-
able outcomes in sepsis and can they be used to 
identify drug targets for sepsis?

Findings: In this prospective cohort study with a 
derivation/validation design, the cholesterol me-
tabolism gene 7-dehydrocholesterol reductase 
(DHCR7) was significantly up-regulated in in poor 
outcome sepsis compared with rapid recovery 
patients and in 90-day nonsurvivors. Blockade 
of Dhcr7 in a zebrafish endotoxemia model led to 
complete rescue from death in a model with 100% 
lethality.

Meaning: DHCR7 was up-regulated in poor out-
come sepsis patients and may serve as a potential 
therapeutic target in sepsis.
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Number on file with the NIH Office of Laboratory 
Animal Welfare is A3114-01). All animal experiments 
were performed in accordance with the ARRIVE 2.0 
guidelines (30).

Patient Selection and Enrollment

Patients enrolled in the UF JAX Sepsis Biobank were 
considered eligible for inclusion after IRB approval. UF 
Health Jacksonville emergency department patients 
meeting Sepsis-3 criteria were identified prospectively 
by trained research coordinators or providers within 
24 hours of sepsis recognition (3). Patient enrollment 
occurred 7 days per week between the hours of 8 am 
and 10 pm. Patients from three observational studies 
and one ongoing clinical trial (LIPid Intensive Drug 
Therapy for Sepsis Pilot) were included in this analysis 
(31, 32). Exclusion criteria were overall similar to prior 
studies (31, 32). Healthy controls were patients pre-
senting to the emergency department (ED) with minor 
noninfectious complaints (e.g., medication refills, 
or similar) and with normal vital signs (excluded for 
fever, tachycardia, hypotension, or hypoxia). Patients 
were excluded if they had abdominal pain, bleeding, 
respiratory complaints, suspicion of viral or bacterial 
infection, or fever or infection in the week preceding 
enrollment. They were also excluded if they had re-
ceived antibiotics in the preceding 2 weeks.

Data Collection

All clinical and laboratory data were reviewed and 
entered into a Research Electronic Data Capture da-
tabase by trained research coordinators (33, 34). 
Prospectively collected data included demographics, 
place of residence, source of infection, and comor-
bidities. Clinical variables included triage and enroll-
ment vital signs, Sequential Organ Failure Assessment 
(SOFA) score, timing of antibiotics, volume of IV 
fluids, vasopressor use and duration, and mechanical 
ventilation use and duration. Hospital length of stay 
(LOS), and ICU LOS were documented.

Clinical Outcomes and Adjudication

The primary outcome was one of three categories: 
1) early death (within 2 wk of sepsis onset), 2) CCI 
(total ICU stay > 14 d with organ dysfunction or total 
ICU ≤ 14 d but discharged to long-term acute care, 

another hospital, or hospice), or 3) rapid recovery (all 
others) (8). Group adjudication by at least two clini-
cian-investigators was performed for the sepsis di-
agnosis, primary outcomes, primary and secondary 
source of infection, culture positivity, and hospital 
disposition during sepsis adjudication meetings (35). 
Discrepancies were resolved by the inclusion of a third 
clinician-investigator. The social security death index 
was used to determine mortality for patients lost to 
follow-up. Twenty-eight ninety-day mortality was also 
recorded.

Blood Sampling, RNA-seq, and RT-qPCR 
Analysis

Blood was drawn at the time of enrollment and within 
24 hours of sepsis recognition and before any clinical 
trial drug administration. Clinical laboratory testing 
included cholesterol levels, and SOFA score labora-
tory measures including platelets, creatinine, and total 
bilirubin levels. Serum total cholesterol, HDL-C, and 
triglyceride levels were directly measured from serum 
samples. LDL-C was calculated using the Friedewald 
formula (36). RNA-seq was performed using the 
Illumina NextSeq 550 system (San Diego, CA). Reverse 
transcriptase polymerase chain reaction (RT-qPCR) 
was performed using Bio-Rad (Hercules, CA) iQ SYBR 
Green Supermix (Cat no. 1708882). For details on 
RNA-seq and RT-qPCR refer to Supplemental Digital 
Content (http://links.lww.com/CCX/B201).

Zebrafish Experiments

Zebrafish were maintained according to protocols 
approved by the University of Michigan

Animal Care and Use Committee. All wild-type fish 
were a hybrid line generated by crossing AB and TL fish 
acquired from the Zebrafish International Resource 
Center (Eugene, OR). For details on cholesterol me-
tabolism drug experiments, RT-qPCR, and RNA-seq 
analysis refer to Supplemental Digital Content (http://
links.lww.com/CCX/B201).

Data Analysis

Univariate Comparisons. Presenting vital signs, cho-
lesterol levels, demographic information, clinical 
features, and clinical management data across the 
outcome groups and by mortality (28 and 90 d) were 

http://links.lww.com/CCX/B201
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analyzed. We calculated medians and interquartile 
ranges for continuous variables and counts and pro-
portions for categorical variables. To test for differences 
among outcome groups, we ran the Shapiro-Wilkes 
test of normality for each of the continuous variables. 
Only age was found to be normally distributed. Age 
was also found to have homogeneity of variances, per 
Bartlett’s test, thereby meeting the requirements to use 
an analysis of variance procedure (37). For all other 
continuous variables, we used the nonparametric 
Kruskal-Wallis procedure. We used Fisher exact test to 
compare differences in categorical variables. We con-
ducted a total of 28 tests comparing differences with 
the outcome group variable (Tables 1 and 2), then 
applied Bonferroni adjustment to proportionally cor-
rect our presented p values. Analysis and calculations 
were completed in R (R Statistical Software v4.1.2; R 
Core Team 2021; Vienna, Austria) using statistical 
tests from the Stats package.

Differential Expression Data Analysis

For data alignment, gene counts were obtained by 
aligning reads to the hg38 genome (GRCh38.p11) 
using STAR (38) (v.2.7.9a) and featureCounts (39) 
(v.2.0.3). We had two steps of analysis for the differ-
ential expression analysis: derivation and validation. 
We ensured a similar distribution of clinical outcomes 
across derivation and validation sets to detect differ-
ential expression patterns by outcome. To simplify the 
differential expression analysis, we combined early 
death and CCI patients into a “poor outcomes” group 
and compared them to rapid recovery patients who 
had more favorable outcomes. In a similar manner, 
we also performed a differential expression analysis 
by 90-day mortality. Twenty healthy control samples 
were analyzed with the sepsis samples in the deriva-
tion set to compare gene expression patterns between 
the broader cohort of sepsis patients to healthy con-
trols. The same differentially expressed genes detection 
protocol was used for both the derivation and valida-
tion steps of analysis. We included samples from two 
duplicate patients (both included in the validation 
set) enrolled in the study during two different sepsis 
episodes, over 1 year apart. Data were analyzed with 
and without these two additional patient encounters; 
their inclusion did not change the significant differ-
entially expressed genes and so these encounters were 
included in the final results. In brief, the differential 

expression analysis was performed using DESeq2 (40) 
in R (R Statistical Software v4.1.2; R Core Team 2021). 
Gene counts were modeled with a negative binomial 
generalized linear model and adjusted for batch effects. 
Wald tests were conducted for pairwise comparisons. 
We identified genes with adjusted p values (i.e., p 
values after false discovery rate correction) less than 
0.05 as the differentially expressed genes. We focused 
our analysis on a set of 47 prespecified lipid metabo-
lism genes (Supplemental Digital Content—Table 1, 
http://links.lww.com/CCX/B201).

RESULTS

The analysis included 128 sepsis patient encounters 
and 20 healthy controls. The derivation cohort in-
cluded 96 patients and controls (12 early death, 13 
CCI, 51 rapid recovery, and 20 controls) and the val-
idation cohort had 52 patients (6 early death, 8 CCI, 
and 38 rapid recovery). For sepsis patients, presenting 
vital signs were similar in outcomes. Distribution of 
comorbidities across the outcome groups was similar 
(Table 1). Initial LDL-C levels were significantly lower 
for patients with early death or CCI compared with 
rapid recovery patients. Total cholesterol, HDL-C, and 
triglyceride levels were not statistically significantly 
different between groups. CCI patients were signifi-
cantly older (median 72 yr) than early death (median 
61.5 yr) or rapid recovery (median 60 yr). Median 
SOFA and Acute Physiology And Chronic Health 
Evaluation (APACHE) II scores were significantly 
higher for CCI (11, 18, respectively) and early death 
(10, 21, respectively) compared with rapid recovery 
(5, 13, respectively) patients. There was a higher pro-
portion of septic shock patients in the early death and 
CCI groups compared with rapid recovery. The most 
common source of infection was pulmonary (27%), 
urinary tract (25%), and multiple sources of infection 
(17%). There were no significant differences inpatient 
management characteristics (Table 2).

For the differential expression analysis, the deri-
vation cohort had 96 single-end sequencing samples, 
including 12 early death, 13 CCI, 51 rapid recoveries, 
and 20 healthy control patient samples. The validation 
cohort had 58 paired-end sequencing samples of sepsis 
patients, including eight early death, 12 CCI, and 38 
rapid recoveries. Patients included in the derivation 
cohort had a similar age, gender, and race distribution 
compared with patients in the validation set. With the 

http://links.lww.com/CCX/B201
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exception of triglycerides, presenting cholesterol and 
lipid levels were similar between derivation and vali-
dation cohorts. They also had similar APACHE II and 
SOFA scores, proportions of shock patients, and clin-
ical management (Supplemental Digital Content, 
Tables 2 and 3, http://links.lww.com/CCX/B201).

Figure 1 depicts the workflow for RNA-seq data 
analysis (Fig. 1A) and significantly differentially 
expressed genes for the derivation and validation 
cohorts (Fig. 1B) and by 90-day mortality (Fig. 1C). In 
the derivation cohort, 458 of 39,372 genes were differ-
entially expressed by the patient outcome, including 
six of the 47 lipid metabolism genes of interest. In the 
validation cohort, 501 of 36,585 genes were identi-
fied as differentially expressed genes, including 2 lipid 
genes of interest. Of the 47 lipid metabolism genes of 
interest, there were 6 significant genes identified in 
the derivation cohort (CYP51A1, DHCR24, DHCR7, 
MSMO1, SQLE, and LDLR) and 2 genes identified 
in the validation cohort (DHCR7 and ALOX5). All 
of these genes were up-regulated in early death/CCI 
patients when compared with rapid recovery patients. 
Figure 2 displays heatmaps of differentially expressed 
genes for derivation and validation cohorts. Five of the 
significant derivation cohort genes encode enzymes 
that catalyze critical steps in the biosynthesis of cho-
lesterol (CYP51A1, DHCR24, DHCR7, MSMO1, and 
SQLE). CYP51A1 is critical for cholesterol synthesis, 
steroid synthesis, and drug metabolism (41). LDLR 
encodes the LDL receptor which endocytoses LDL-C 
from circulation (18). Both significant genes from 
the validation cohort were up-regulated in CCI/early 
death patients compared with rapid recovery. ALOX5 
is the critical enzyme for the generation of all leukotri-
enes, potent mediators of inflammation (42). The only 
gene identified to be significantly up-regulated in both 
cohorts was DHCR7. The log2fold change in DHCR7 
expression between CCI/ED versus rapid recovery 
patients was 1.4020 in the derivation cohort, and 
2.1563 in the validation cohort. All the differentially 
expressed genes for derivation and validation cohorts 
are presented in Supplemental Data File 1 (http://
links.lww.com/CCX/B202).

We performed a differential expression analysis 
by 90-day mortality. None of the lipid metabolism 
genes of interest were detected in the derivation co-
hort. However, DHCR7 and PLTP were detected and 
up-regulated in the validation cohort (Fig.  1). PLTP 

encodes a protein that is important for cholesterol and 
lipopolysaccharide clearance, and transfers phospho-
lipids from triglyceride-rich lipoproteins. It also helps 
to regulate HDL size and is involved in cholesterol and 
lipopolysaccharide clearance (23).

We next examined gene expression in sepsis 
patients and healthy controls by RT-qPCR. Based on 
availability of total RNA, we picked 10 CCI, 12 early 
death, 12 rapid recovery patients, and 11 healthy 
controls for RT-qPCR. Demographics of patients in-
cluded in RT-qPCR are presented in Supplemental 
Digital Content, Table 4 (http://links.lww.com/CCX/
B201). Five of the six genes (LDLR, DHCR24, DHCR7, 
MSMO1, and SQLE) identified in the RNA-seq anal-
ysis were significantly up-regulated in comparison to 
controls, whereas CYP51A1 was not (Supplemental 
Digital Content, Fig. 1, http://links.lww.com/CCX/
B201).

Workflow for zebrafish experiments with lipopol-
ysaccharide versus controls is depicted in Figure 3A. 
RT-qPCR of cholesterol-related genes showed up-
regulation of genes for the LDL receptor (ldlra, ldlrb), 
dhcr7, dhcr24, msmo1, and cyp51 in lipopolysaccha-
ride-treated zebrafish compared with controls (Fig. 
3B). Differential expression analysis of RNA-seq data 
from three lipopolysaccharide-treated zebrafish and 
three controls identified 12 lipid metabolism genes 
that were up-regulated in lipopolysaccharide-treated 
zebrafish compared with controls (Fig. 3C). Notably, 
six of the genes (dhcr7, dhcr24, sqlea, cyp51, msmo1, 
and ldlra) were also up-regulated in CCI/early death 
sepsis patients in the derivation cohort, as was dhcr7 
in the validation cohort. Overlap of significantly dif-
ferentially expressed genes between derivation, val-
idation, and zebrafish groups is depicted in Figure 
3D. Gene primers for zebrafish experiments are noted 
in Supplemental Data File 2 (http://links.lww.com/
CCX/B203).

We tested several cholesterol metabolism drugs in 
our zebrafish model including AY9944 (Dhcr7 in-
hibitor), triparanol (Dhcr24 inhibitor), atorvastatin 
(HMG-CoA reductase inhibitor), torcetrapib (Cetp 
inhibitor), and ezetimibe (cholesterol absorption in-
hibitor). Results of all zebrafish drug experiments are 
displayed in Supplemental Figure 2 (http://links.lww.
com/CCX/B201). Varying concentrations of each drug 
were administered at 3 dpf (days postfertilization) with 
or without a dose of lipopolysaccharide that caused 

http://links.lww.com/CCX/B201
http://links.lww.com/CCX/B202
http://links.lww.com/CCX/B202
http://links.lww.com/CCX/B201
http://links.lww.com/CCX/B201
http://links.lww.com/CCX/B201
http://links.lww.com/CCX/B201
http://links.lww.com/CCX/B203
http://links.lww.com/CCX/B203
http://links.lww.com/CCX/B201
http://links.lww.com/CCX/B201
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complete lethality by 4 dpf. 
For AY9944 (Dhcr7 inhib-
itor), 10–20 µM of AY9944 
alone showed no effects on 
survival. When adminis-
tered with lipopolysaccha-
ride, the 10 µM dose led to 
partial protection against 
mortality, whereas 20 µM 
resulted in 100% survival 
up to 6 dpf. None of the 
other drugs tested protected 
against lipopolysaccharide 
death.

DISCUSSION

In this study, we performed 
an unbiased differential 
expression analysis of leu-
kocyte gene expression 
RNA-seq data from diverse, 
prospective cohorts of 
sepsis patients. We further 
investigated 47 lipid me-
tabolism genes to delineate 
lipid metabolic changes in 
sepsis patients by outcome 
and identified DHCR7 to 
be significantly and con-
sistently up-regulated for 
patients with CCI/early 
death and in the 90-day 
mortality group when com-
pared with healthy con-
trols and rapid recovery 
patients. DHCR7 encodes 
an enzyme that removes the 
double bond in the B ring 
of sterols and catalyzes the 
conversion of 7-dehydroxy-
cholesterol (7DHC) to cho-
lesterol (43). 7DHC is also 
a precursor to vitamin D, 
catalyzed by DHCR7 (43). 
In a parallel set of RNA-
seq studies conducted in 
a zebrafish endotoxemia 

Figure 1. Transcriptomic data analysis methodology and results by outcome and mortality.  
A, Methodologic flow for transcriptomic data analysis for derivation and validation groups.  
B, Differentially expressed genes for derivation and validation groups by outcomes of chronic 
critical illness (CCI)/early death compared with rapid recovery. C, Differentially expressed  
genes for derivation and validation groups by 90-day mortality. ED = early death, RAP = rapid 
recovery.
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model, we observed that dhcr7 was significantly up-
regulated in samples from zebrafish that received lethal 
doses of lipopolysaccharide when compared with con-
trols. Furthermore, pharmacologic blockade of Dhcr7 

resulted in complete rescue from death. These results 
are consistent with dhcr7 having a potential mecha-
nistic link to endotoxic death in a zebrafish endotox-
emia model.

Figure 2. Heatmaps of differentially expressed genes for derivation (A) and validation (B) groups by outcomes of chronic critical illness 
(CCI)/early death compared with rapid recovery.
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Figure 3. Drug testing in zebrafish model of endotexemia. A, Methodology for zebrafish experiments. Zebrafish are treated with a lethal dose of 
lipopolysaccharide or maintained in control embryo medium at 3 (days postfertilization) dpf and examined for survival at 4, 5, and 6 dpf.  
B, Reverse transcriptase polymerase chain reaction (RT-qPCR) of cholesterol related genes from lipopolysaccharide-treated fish versus controls 
3 hours after treatment at 3 dpf. Data represented as fold change lipopolysaccharide/controls. A value of 1 would signify no change, value 
greater than 1 is up-regulation in lipopolysaccharide treated versus controls, and value less than 1 is down-regulation. Individual dots represent 
separate experiments. The graph bars represent mean and sd. C, Differential expression analysis of RNA sequencing (RNA-seq) data from three 
lipopolysaccharide-treated zebrafish and three controls identified 12 lipid metabolism genes that were up-regulated in lipopolysaccharide-treated 
zebrafish compared with controls. D, Overlap of significantly differentially expressed genes between derivation, validation, and zebrafish groups. 
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DHCR7 is a critical gene involved in cholesterol 
biosynthesis, immune regulation, and metabolism. 
Patients with loss of function mutations in DHCR7 de-
velop Smith-Lemli-Optiz syndrome, which results in 
branchial and cardiac defects, electrolyte abnormali-
ties (hypocalcemia, hyponatremia, and hyperkalemia), 
and extremely low cholesterol levels (< 38.7 mg/dL) 
associated with necrotizing enterocolitis, recurrent 
infections, sepsis-like episodes, and death in several 
patients (44). In a recent study, the genetic associa-
tion of variants in the DHCR7 gene (and other genes 
for vitamin D metabolism) with subsequent bacterial 
pneumonia was studied (45). They found that genetic 
variants of CYP2R1 but not DHCR7, GEMIN2, or 
HAL were associated with increased risk of bacterial 
pneumonia.

Recently, the potential mechanistic role of DHCR7 
in combatting systemic infections has been studied. 
Xiao and colleagues showed that DHCR7 inhibition 
or genetic ablation enhanced both in vivo and in vitro 
macrophage-mediated anti-viral function (46). They 
demonstrated that two DHCR7 inhibitors (AY9944 
and tamoxifen) led to increased clearance of vesic-
ular stomatitis virus (VSV) and Zika virus. AY9944 
administered to virus-infected (VSV or murine cyto-
megalovirus) macrophages led to enhanced Ifnb pro-
duction in control macrophages but failed to enhance 
Ifnb production in DHCR7-deficient macrophages. 
The treatment of macrophages with tamoxifen also 
resulted in enhanced Ifnb expression upon treatment 
with a TLR3 agonist or VSV. Tamoxifen has also been 
shown to enhance neutrophil-mediated phagocytosis 
and extracellular trap formation to clear bacteria and 
has been proposed as a potential agent for combatting 
multi-drug resistant gram-negative infections (47, 48).

We discovered a number of genes involved in the 
cholesterol synthesis pathway to be up-regulated in 
sepsis patients when compared with healthy controls. 
While this could be a general response to reduced 
LDL-C and HDL-C levels in sepsis, the expression of 
some of these genes discriminated sepsis patients with 
CCI/early death outcomes from those in the rapid re-
covery and control groups, suggesting potential bed-
side prognostic utility. Our mortality analysis also 
revealed some additional insights. The up-regulation 
of DHCR7 and PLTP for 90-day mortality emphasizes 
the important role that DHCR7 (and PLTP) may play 
in death from sepsis. In addition to regulating HDL 

size and facilitating cholesterol and lipopolysaccha-
ride clearance, PLTP is critical to the immunomodula-
tory action of HDL and is a key factor in maintaining 
plasma sphingosine-1-phosphate levels (S1P) (22). 
S1P, which is primarily carried on HDL in association 
with apolipoprotein M, has antiapoptotic and chemo-
tactic effects and levels decline in sepsis. Declining S1P 
levels have a strong inverse relationship with organ 
failure (49).

This study had several limitations. First, this was 
a small prospective study of gene expression from a 
single center. Findings from this analysis should be 
confirmed in a larger and multi-center study. However, 
to increase the generalizability of our results, we used 
a diverse cohort of patients (gender and race) and de-
rived and validated our results in two separate cohorts. 
Our initial RNA-seq analysis involved single-end 
sequencing, whereas the validation involved paired-
end sequencing. This difference was due to tech-
nical advances in the Department of Pathology that 
sequenced our samples but should not affect interpre-
tation of our results. Though our lipopolysaccharide 
zebrafish model of endotoxemia is a sterile model, 
we were able to recapitulate several aspects of human 
sepsis, namely mortality and similar differential ex-
pression patterns for the lipid metabolism genes of in-
terest. Finally, being an observational study, there is no 
way to infer causality between observed gene expres-
sion differences and outcomes.

CONCLUSIONS

In conclusion, this study identified DHCR7 up-regu-
lation as potentially influencing poor outcomes after 
sepsis (CCI/early death) in humans. Our robust find-
ings in human sepsis, confirmed in a validation cohort 
as well as with RT-qPCR analysis, were then recapitu-
lated in a zebrafish endotoxemia model with similar 
differential expression of DHCR7 in lipopolysaccha-
ride-treated zebrafish. Blockade of Dhcr7 led to com-
plete rescue of lipopolysaccharide-treated zebrafish 
from death and may lead to therapeutic opportunities 
and drug repurposing for sepsis. These findings should 
be validated in larger, multi-center studies.
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