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Abstract
Background: High mobility group box 1 (HMGB1), an important “late” in�ammatory mediator, is a therapeutic target for
bacterial sepsis. Ethyl pyruvate (EP) has anti-in�ammatory effects, and prevents bacterial sepsis by decreasing HMGB1
levels. However, the role of HMGB1 in fungal sepsis is still unclear. Therefore, we investigated HMGB1 mRNA and protein
levels in serum and tissue from patients and mice with invasive C. albicans infection. We explored the anti-HMGB1 effects of
EP, which may be of bene�t in the diagnosis and treatment of invasive C. albicans infections.

Methods: We measured serum HMGB1 mRNA and protein levels in four different patient groups: 23 control subjects (group
1), 35 patients with sepsis without fungal infection (group 2), 35 patients with severe sepsis without fungal infection (group
3), and 23 patients with severe sepsis with C. albicans infection (group 4). We collected clinical indices to estimate
correlations between HMGB1 levels and disease severity. Furthermore, we experimentally stimulated mice with C. albicans
and C. albicans + EP, and examined HMGB1 mRNA and protein levels from serum and tissue. We determined liver and kidney
functions, investigated pathological changes in tissues and assessed mortality. We also investigated serum levels of the
proin�ammatory cytokines, tumor necrosis factor α (TNF-α) and interleukin 6 (IL-6) in these animals.

Results: Serum HMGB1 mRNA and protein levels in patients with severe sepsis with C. albicans infection were elevated.
Increased HMGB1 levels were correlated with procalcitonin (PCT), C-reactive protein (CRP), 1,3-β-D-Glucan (BDG) and C.
albicans sepsis severity. HMGB1 mRNA and protein levels in serum and tissues were signi�cantly increased within seven
days after mice were infected with C. albicans. The administration of EP inhibited HMGB1 levels, decreased tissue damage,
increased survival rates and inhibited the release of TNF-α and IL-6.

Conclusions: Increased HMGB1 levels in patients with severe sepsis with C. albicans infection were positively correlated with
PCT, CRP, BDG, and disease severity. EP prevented C. albicans lethality by decreasing HMGB1 expression and release. We
suggest that HMGB1 plays a vital role in invasive C. albicans infections and may provide an effective diagnostic and
therapeutic target for such infections in clinical settings. 

1. Introduction
The incidence of invasive fungal infection (IFI), more than 50% of which is caused by C. albicans, has been steadily
increasing and is the fourth most common cause of nosocomial bloodstream infection. This is in part due to invasive
surgical operations, chemotherapy, radiotherapy, immunosuppressive therapy, and the wide use of broad-spectrum
antibiotics and glucocorticoids [1–5]. IFI is a serious infectious disease with a high mortality rate; its diagnosis and
treatment are di�cult in the clinical setting[6−8]. Studies have indicated that proin�ammatory cytokines, such as tumor
necrosis factor α (TNF-α), interleukin 6 (IL-6) and high mobility group box 1 (HMGB1) in�uence tissue damage, hypotension,
multiple organ failure and death in IFI [9–13]. Therefore, the targeted therapy of these proin�ammatory cytokines may
improve the prognosis of IFI.

Previous studies have indicated that early proin�ammatory cytokines release within one to two hours of sepsis onset, and
peak at 24 hours [14]. One reason for the ineffective performance of early proin�ammatory cytokine antagonist therapies in
clinical trials is that when sepsis is diagnosed, proin�ammatory cytokines have already been released in large quantities,
and therefore, the optimal treatment time is lost. Recently, HMGB1 has been recognized as a key "late" in�ammatory
mediator in lipopolysaccharide (LPS)-induced sepsis [15]. HMGB1 is released at approximately 12–18 h after macrophages
with LPS stimulation and then is maintained at high levels. Similar HMGB1 delayed kinetics are also observed in mice serum
during lethal endotoxemia. The administration of HMGB1 inhibitors, such as Anti-HMGB1 mAb, before or after lethal
endotoxemia, prevents endotoxin-induced death, inhibiting the release of HMGB1, TNF-α and IL-6, improving survival rates
and limiting tissue damage [15]. Taken together, HMGB1 is a vital “late” in�ammatory mediator of bacterial sepsis, and its
delayed kinetics may provide a broader therapeutic window for bacterial sepsis.
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Ethyl pyruvate (EP), a stable lipophilic pyruvate derivative, has recently been discovered as a highly-effective and security
HMGB1 inhibitor. It has anti-in�ammatory and anti-oxidant properties, which protect cells from in�ammatory injury both in
vivo and in vitro, such as hemorrhagic shock, sepsis and ischemia-reperfusion injury [16–18]. Ulloa et al. reported that EP
inhibited HMGB1 expression and improved survival in mice with established endotoxemia or sepsis [18]. These results
indicate that EP is an effective therapeutic against bacterial sepsis, mainly via HMGB1 inhibition.

To date, HMGB1 research has mainly focused on bacterial sepsis, while the role of HMGB1 in fungal sepsis is unknown. We
speculate that HMGB1’s role in bacterial sepsis is similar to that in fungal sepsis, as both pathogenic mechanisms depend
on the activation of early and late cytokine responses. Here, we measured HMGB1 mRNA and protein levels in patients with
severe sepsis with C. albicans infection, to evaluate the relationship between HMGB1 and disease severity. In addition, mice
were stimulated with C. albicans and C. albicans combined with EP to observe HMGB1 mRNA and protein levels in serum
and tissue, at different time points. We explored the role of HMGB1 in invasive C. albicans infection and aimed to provide an
effective diagnostic and therapeutic target for invasive C. albicans infections.

2. Materials And Methods

2.1 Human subjects
Our study included four patient populations: 23 control subjects (group 1), 35 patients with sepsis without fungal infection
(group 2), 35 patients with severe sepsis without fungal infection (group 3), and 23 patients with severe sepsis with C.
albicans infection (group 4). All patients were selected from the Intensive Care Unit (ICU) and the Department of
Hepatobiliary Surgery, the Second A�liated Hospital of Chongqing Medical University, China between May 2015 and May
2016. Patient selection was based on diagnostic criteria from the International Guidelines for Management of Severe Sepsis
and Septic Shock 2012 [19]. Patients with C. albicans sepsis were accorded with diagnostic criteria for severe sepsis, and C.
albicans cultures from peripheral bloods were positive at least once. Healthy participants were randomly selected from
outpatients of the Second A�liated Hospital of Chongqing Medical University, as controls. This study was conducted in
accordance with the Declaration of Helsinki, and was approved by the Human Research Ethics Committee of Chongqing
Medical University (CHICTR-OCC-13003185). Informed consent was obtained from participants, which were given a full
explanation of the study.

2.2 Blood sample collection and assays
Peripheral blood samples were collected after an overnight fast, when the sepsis diagnosis was con�rmed. Samples were
collected in pyrogen-free tubes containing heparin (Bioendo, Xiamen, China). Approximately 250 µl peripheral blood was
immediately added to 750 µl lysate solution (Bioteke, Beijing, China), and stored at -70 °C. The remaining blood was
centrifuged at 3500 rpm for 15 minutes, after which the serum was divided into �ve separate 1.5 ml tubes and stored at
-70 °C until assaying.

Clinical indices, including blood routine, liver and kidney functions, coagulation metrics, C-reactive protein(CRP),
procalcitonin(PCT) and 1,3-β-D-Glucan(BDG) were measured by the Department of Laboratory Medicine, the Second
A�liated Hospital of Chongqing Medical University.

2.3 Animal care
Male BALB/c mice (body weight: 20–25 g and 6–8 weeks old) were obtained from the Experimental Animal Center of
Chongqing Medical University. Mice were housed in a pathogen-free environment and given ad libitum access to food and
water. Indoor temperature were maintained at 22 ± 2 °C with an arti�cial light/dark period of 12 hours. All animal
experimental operations were in accordance with Chongqing Management Approach of Laboratory Animal (chongqing
government order NO.195 ).

2.4 Establishment of an immunosuppressive mouse model
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Forty BALB/c male healthy mice were intraperitoneally injected with 100 mg/kg/d cyclophosphamide (Sigma, USA) for three
days. Mouse blood was taken by tail-breaking at baseline (one day before cyclophosphamide injection) and on the third day
of cyclophosphamide injection. Blood routines were measured by the Department of Laboratory Medicine, the Second
A�liated Hospital of Chongqing Medical University.

2.5 Selection of optimum C. albicans cell densities
C. albicans (ATCC 14053) was supplied by the microbiology laboratory at the Second A�liated Hospital of Chongqing
Medical University. Cells were cultured for 48 h in Sabao weak medium (Microbial reagent company, Hangzhou, China) at
37 °C and serially passaged three times prior to infection. Different C. albicans inoculum densities were prepared using
sterilized saline.

On the fourth day after immunosuppression, mice in each group (n = 8) were assigned different C. albicans cell density
inoculums (1 × 105, 2 × 105, 5 × 105, 1 × 106, 1 × 107 cells per ml). Mice were injected with 200 µl of these densities via the
lateral tail vein [20]. Mortality in each group was observed for 10 days after infection. Based on these mortality rates, the C.
albicans inoculum 2 × 105 was selected for subsequent experiments.

2.6 Establishment of an invasive C. albicans infection model in mice
Mice in the invasive C. albicans infection group (n = 12) were injected with 200 µl of the 2 × 105 inoculum via the tail vein on
the fourth day after immunosuppression. Mice in the immunosuppressive group (n = 3) were injected with 200 µl saline.
Infected mice on days 1, 3, 5, and 7 after infection (n = 3 mice/time point) and mice in the immunosuppressive group (n = 3)
were then euthanized and the lungs, liver and kidneys were aseptically removed. Part of the liver, lungs and kidney were
weighed, homogenized in phosphate buffered solution (PBS) (8.06 mM sodium phosphate, 1.94 mM potassium phosphate,
2.7 mM KCl, and 137 mM NaCl) (pH 7.4), serially diluted, and plated in duplicate on Sabao weak medium and CHROMagar
Candida medium (Microbial reagent company, Hangzhou, China). Plates were incubated at 37 °C and C. albicans growth
was assessed at 48 h. Part of the liver, lung and kidney were �xed in 4% paraformaldehyde for 24 h, after which tissues were
dehydrated by conventional alcohol gradient processing, embedded in para�n, serial sectioned and stained with
hematoxylin-eosin (H&E) or periodic acid-Schiff (PAS).

2.7 EP treatment in mice infected with invasive C. albicans
EP (28 mM) (Sigma, St. Louis, MO) was prepared in solution with sodium (130 mM), potassium (4 mM), calcium (2.7 mM)
and chloride (139 mM) (pH 7.0).

Eighty mice were randomly divided into four groups (n = 20 for each group): 1) the control group, 2) the immunosuppressive
group, 3) the invasive C. albicans infection group, and 4) the EP group. Mice in the EP and the invasive C. albicans infection
groups were intraperitoneally injected with 100 mg/kg/d cyclophosphamide for three days. On the fourth day, both groups
were injected with 200 µl of the 2 × 105 inoculum via the tail vein.

Mice in the EP group were intraperitoneally injected with 60 mg/kg EP four hours after infection, twice a day for three days.
Mice in the invasive C. albicans infection group were injected with the same volume of saline. Three days after
intraperitoneal injection of cyclophosphamide, the immunosuppressive group were given the same volume of saline. The
control group were injected with the same volume of saline. In addition, the mortality in each group (n = 15) was observed
during all procedures.

Clinical symptoms (e.g., appetite, activities and weight changes, etc.) were observed and recorded at 8:00 a.m. everyday.
Mice were euthanized on days 1, 3, 5, and 7 after infection (n = 5 mice/time point). Blood was aseptically drawn from the
orbital venous plexus and collected in pyrogen-free tubes containing heparin. Approximately 250 µl of peripheral blood was
immediately added to 750 µl lysate solution (Bioteke, Beijing, China) and stored at -70 °C. The remaining blood was
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centrifuged at 3500 rpm for 15 minutes at 4 °C. The supernatant was collected in a clean micro-tube, which was stored at
-70 °C until assaying.

After euthanasia, the lungs, liver and kidneys were aseptically removed. Some sections were frozen in liquid nitrogen and
other sections were �xed in 10% formalin and embedded in para�n. Tissue sections were stained with H&E or placed on
poly- L-lysine-coated glass slides for immunohistochemistry.

2.8 Quantitative real-time polymerase chain reaction (qRT-PCR)
analysis
Total RNA was extracted using the total RNA isolation kit (Bioteke, Beijing, China), according to manufacturers’ instructions.
The RNA was reverse transcribed into cDNA using the PrimeScript RT reagent kit (Takara, Dalian, China). Quantitative real-
time PCR analysis was performed using the SYBR Premix Ex TaqTM II kit (Takara, Dalian, China). HMGB1 primers were
designed using Primier4.1 software and GADPH was used as a reference gene. Primers were purchased from Huada, Dalian,
China.

Human HMGB1 primers were: 5’-GCGGACAAGGCCCGTTA-3’ (sense) and 5’-AGAGGAAGAAGGCCGAAGGAA − 3’ (antisense),
and GADPH primers were 5’-TGCCAAATATGATGACATCAAGAA-3’ (sense) and 5’-GGAGTGGGTGTCGCTGTTG-3’ (antisense).

Mouse HMGB1 primers were: 5’-ACCCGGATGCTTCTGTCAACTTCT-3’ (sense) and 5’-GCCTTGTCAGCCTTTGCCATATCT-3’
(antisense); and mouse GADPH primers were 5’-CATGGCCTTCCGTGTTCCTA-3’ (sense) and 5’-GCGGCACGTCAGATCCA-3’
(antisense). The mRNA expression levels of target genes were normalized to GADPH using the 2−∆∆Ct method, where ∆Ct = 
target gene Ct - GAPDH Ct and ∆∆Ct = ∆Ct treatment-∆Ct control. Data values of 2−∆∆Ct > 2, were considered statistically
signi�cant. Three independent experiments were performed in triplicate.

2.9 Enzyme-linked immunosorbent assay (ELISA) analysis
The recombinant HMGB1 (rHMGB1, Novoprotein, Shanghai, China) series concentrations, ranging from 15.625 ng/ml to
1 µg/ml, and serum diluted with PBS (1∶8) from patients or mice, were incubated overnight in 96-well plates at 4 °C. Plates
were then washed �ve times in PBS Tween-20 buffer (PBST; 0.05% Tween-20 in PBS). This step was performed after each
incubation period. The plates were blocked for two hours at 37 °C using 3% bovine serum albumin (BSA) in PBST. After this,
rabbit anti-HMGB1 polyclonal antibody (1:1,500, Abcam, U.S.A), diluted in PBS buffer containing 2% skimmed milk, was
added to all wells and incubated for two hours at 37 °C. The plates were then incubated for one hour at the same
temperature, with anti-IgG rabbit antibody conjugated to horseradish peroxidase (1:5,000, Golden Bridge Biotech Co Ltd,
Beijing, China). After washing, tetramethylbenzidine (Abcam, U.S.A) was added to each well and plates were incubated in the
dark for 10–20 minutes at 37 °C. Reactions were monitored by measuring the absorbance at 460 nm (Thermo, U.S.A). All
assays were run in duplicate on each test plate.

TNF-α and IL-6 levels were assessed using commercial ELISA kits (4A Biotech Co., Ltd, Beijing, China).

2.10 Western blot analysis
Tissue total proteins were extracted using the total protein isolation kit (Solarbio, Beijing, China), according to
manufacturers’ instructions. Proteins were quanti�ed using the Nanodrop 1000 (Thermo Scienti�c, Wilmington, Del.).
Samples were denatured at 100 °C for �ve minutes. Equal protein concentrations were loaded onto 12% SDS-PAGE gels and
transferred to polyvinylidene �uoride membranes (Millipore Corporation, Billerica, Mass.). Membranes containing proteins
were blocked in 5% BSA and incubated with rabbit anti-HMGB1 polyclonal antibody (1:1,000, Abcam, U.S.A), followed by
incubation with horseradish peroxidase-linked secondary antibodies (1:5,000; Golden Bridge Biotech Co. Ltd, Beijing, China).
For standardization and expression comparisons, the membranes were also hybridized with a primary anti-β-actin antibody
(1:1,000; Wuhan Boster Biological Technology, Wuhan, China). The bands appearing on �lm were analyzed with GeneTools
software (Syngene, Frederick, Md).
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2.11 Immunohistochemistry
Tissue sections on poly-L-lysine-coated glass slides were depara�nized in xylene and rehydrated in a graded alcohol series.
Then the slides were blocked by 3% hydrogen peroxide for 10 minutes at room temperature (RT), and antigen retrieval for 15
minutes at 100 °C. The slides were then incubated in 5% BSA for one hour to block nonspeci�c protein binding sites. After
washing in PBS, the slides were incubated with an anti-HMGB1 polyclonal antibody (1:1,000; Abcam, U.S.A) overnight at
4 °C. PBS, without primary antibody, was used as a negative control. The slides were washed three times in PBS, then
incubated with horseradish peroxidase-linked secondary antibodies (1:5,000; Golden Bridge Biotech Co. Ltd) for 15–20
minutes at RT. Slides were colored with diaminobenzidine and hydrogen peroxide (Golden Bridge Biotech Co Ltd),
counterstained with hematoxylin, dehydrated and mounted for viewing (Nikon, Japan). Two different sections from each
organ, per time point, were assessed per experiment.

2.12 Statistical analysis
We used SPSS version 20.0 software for statistical analysis. Data were displayed as the mean ± SD. Categorical variables
were analyzed using χ2 or Fisher exact tests. Bonferroni tests were applied when normality and homogeneity of variance
were satis�ed, otherwise Tamhane’s T2 tests were applied. Differences in survival rates among groups were compared by the
Log-Rank test. A P-value < 0.05 was considered statistically signi�cant.

3. Results

3.1 Demographics and clinical characteristics
Whole blood and serum from 116 participants (35 patients with sepsis without fungal infection, 35 patients with severe
sepsis without fungal infection and 23 patients with severe sepsis and C. albicans infection and 23 healthy controls) were
collected. The clinical characteristics of these subjects are detailed (Table 1). No signi�cant differences in age and gender
were observed between all groups.
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Table 1
Demographics and clinical characteristics

Group   1 2 3 4

Gender (F/M)   10/13 12/23 11/24 11/12

Age (y)   62.2 ± 16.3 60.5 ± 17.1 62.8 ± 15.5 65.2 ± 23.8

           

Blood
routine

WBC (× 109/L) 6.7 ± 3.2** 13.3 ± 4.2* 15.1 ± 7.7 15.9 ± 5.1

NEUT (%) 55.4 ± 2.9** 86.1 ± 5.7 92.2 ± 4.2* 82.8 ± 11.4

RBC (× 1012/L) 4.3 ± 0.5** 3.6 ± 0.5 3.8 ± 0.3* 3.2 ± 0.7

HGB (g/L) 133.5 ± 8.2* 105.5 ± 16.9 112.7 ± 9.9 96.8 ± 22.4

PLT (× 109/L) 274.3 ± 50.4 246.2 ± 112.8 138.5 ± 74.5 167.8 ± 77.0

           

Liver
function

TP (g/L) 70.1 ± 5.5 66.0 ± 6.0 54.7 ± 7.6* 65.0 ± 9.4

ALB (g/L) 47.1 ± 7.9* 32.8 ± 4.5 29.6 ± 4.9 29.0 ± 4.7

ALT (U/L) 21.5 ± 14.2 34.8 ± 27.9 155.6 ± 186.2 28.5 ± 14.9

AST (U/L) 15.9 ± 4.6** 40.8 ± 37.6 171.7 ± 165.8 61.3 ± 44.9

ALP (U/L) 72.8 ± 29.9 77.3 ± 20.8** 160.5 ± 178.6 243.8 ± 174.7

GGT (U/L) 23.5 ± 9.1** 40.6 ± 18.9* 284.7 ± 343.2 228.8 ± 242.9

TB (umol/L) 11.6 ± 2.1 10.64 ± 4.3 58.7 ± 52.1 38.6 ± 44.1

DB (umol/L) 7.4 ± 1.5* 5.2 ± 1.4* 38.3 ± 31.1 32.2 ± 41.4

           

Renal
function

BUN (mmol/L) 4.9 ± 1.5** 5.3 ± 2.2** 11.2 ± 8.2 15.0 ± 8.6

SCr (umol/L) 58.4 ± 19.2 63.8 ± 17.4 167.5 ± 159.1 118.8 ± 98.1

           

Blood
coagulation

PTA (%) 94.1 ± 11.8* 82.4 ± 12.9 60.2 ± 17.5 63.7 ± 23.7

PT (S) 12.3 ± 1.0* 14.7 ± 1.5 17.9 ± 2.7 16.8 ± 2.5

APTT (S) 38.4 ± 6.7 40.2 ± 3.2 46.2 ± 12.4 51.2 ± 11.8

FIB (g/L) 3.4 ± 0.5 6.0 ± 2.2 4.8 ± 1.3 4.8 ± 2.0

TT (S) 17.9 ± 0.9 16.1 ± 1.2 16.5 ± 1.3 17.3 ± 0.4

           

Notes: group 1, control subjects; group 2, patients with sepsis without fungal infection; group 3, patients with severe
sepsis without fungal infection; group 4, patients with severe sepsis with C. albicans infection. *: P < 0.05, **: P < 0.01,
compared with group 4. WBC, white blood cells; NEUT%, neutrophil percent; RBC, red blood cells; HGB, hemoglobin; PLT,
platelets; TP, total protein; ALB, albumin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline 
phosphatase; GGT, γ-glutamyl transpeptidase; TB, total bilirubin; DB, direct bilirubin; BUN, blood urea nitrogen; SCr,
serum creatinine; PTA, prothrombin activity; PT, prothrombin time; APTT, activated partial thromboplastin time; FIB,
�brinogen; TT, thrombin time; PCT, procalcitonin; CRP, C-reactive protein.
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Group   1 2 3 4

PCT (ng/ml)   0.4 ± 0.1** 10.8 ± 24.6 97.5 ± 222.5 3.5 ± 2.1

CRP (mg/L)   7.3 ± 0.4** 75.7 ± 51.9 150.8 ± 67.3 106.9 ± 21.8

BDG (pg/ml)   50.2 ± 21.0** 61.5 ± 24.7** 61.5 ± 24.7** 268.9 ± 88.4

Notes: group 1, control subjects; group 2, patients with sepsis without fungal infection; group 3, patients with severe
sepsis without fungal infection; group 4, patients with severe sepsis with C. albicans infection. *: P < 0.05, **: P < 0.01,
compared with group 4. WBC, white blood cells; NEUT%, neutrophil percent; RBC, red blood cells; HGB, hemoglobin; PLT,
platelets; TP, total protein; ALB, albumin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline 
phosphatase; GGT, γ-glutamyl transpeptidase; TB, total bilirubin; DB, direct bilirubin; BUN, blood urea nitrogen; SCr,
serum creatinine; PTA, prothrombin activity; PT, prothrombin time; APTT, activated partial thromboplastin time; FIB,
�brinogen; TT, thrombin time; PCT, procalcitonin; CRP, C-reactive protein.

3.2 HMGB1 mRNA levels in patients with severe sepsis and C. albicans
infection
In comparison with healthy controls (group 1), HMGB1 mRNA levels in patients with severe sepsis and C. albicans infection
(group 4), in patients with severe sepsis without fungal infection (group 3) and patients with sepsis without fungal infection
(group 2) were 3.66 ± 0.40, 3.12 ± 0.18 and 2.68 ± 0.35, respectively (Fig. 1A). The 2−∆∆Ct HMGB1 values for all three sepsis
groups were greater than 2, suggesting that when compared with healthy controls, HMGB1 mRNA levels in these groups
were signi�cantly increased (P < 0.01). Additionally, HMGB1 mRNA levels in group 4 were signi�cantly higher than both
groups 2 and 3 (P < 0.05 or P < 0.01) and group 3 levels were signi�cantly higher than group 2 (P < 0.05). These observations
indicated that increased HMGB1 mRNA levels were positively correlated with sepsis severity.

3.3 Serum HMGB1, TNF-α and IL-6 levels in patients with severe sepsis
and C. albicans infection
Serum HMGB1 concentrations were 1243.83 ± 200.76 ng/ml in severe sepsis patients with C. albicans infection (group 4),
1101.67 ± 100.41 ng/ml in severe sepsis patients without fungal infection (group 3), 1025.94 ± 104.14 ng/ml in sepsis
patients without fungal infection (group 2) and 666.44 ± 64.66 ng/ml in the control group (group 1). Statistical differences
were observed across the four groups (P < 0.05 or P < 0.01). HMGB1 levels increased in all patients with sepsis versus the
control group (P < 0.01). Group 4 patients had statistically higher HMGB1 levels than groups 3 and 2 (P < 0.05 and P < 0.01)
and group 3 patients had statistically higher HMGB1 levels than group 2 (P < 0.05) (Fig. 1B).

TNF-α and IL-6 levels in patient serum were, respectively; 150.74 ± 19.56 pg/ml and 99.06 ± 20.92 pg/ml in group 4, 46.49 ± 
14.00 pg/ml and 71.38 ± 15.25 pg/ml in group 3, 37.34 ± 8.56 pg/ml and 27.59 ± 7.63 pg/ml in group 2, and 19.82 ± 
4.82 pg/ml and 17.28 ± 4.75 pg/ml in the control group. All sepsis patients displayed statistically increased TNF-α and IL-6
levels when compared with the control group (P < 0.01). There was evidence of signi�cantly higher levels in group 4 when
compared to groups 3 and 2 (P < 0.01), and group 3 levels were signi�cantly higher than group 2 (P < 0.05 or P < 0.01)
(Fig. 1C and 1D).

3.4 Correlations between HMGB1 and clinical indices
Correlation analyses revealed that HMGB1 serum levels in patients with severe sepsis and C. albicans infection were
positively correlated with PCT, CRP and BDG (r = 0.491, 0.521, 0.504, P < 0.05), respectively, but were not associated with
WBC (r = 0.530, P > 0.05) (Fig. 2). HMGB1, PCT, CRP and BDG levels were increased with the development of C. albicans
sepsis and were consistent with disease severity.

3.5 Establishment of a mouse model for invasive C. albicans
infections
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After mice were injected with cyclophosphamide, routine blood analyses showed that WBCs, red blood cells (RBCs),
hemoglobin (HGB) and platelets (PLTs) were signi�cantly decreased, notably WBCs, indicating that the immunosuppressive
mouse model was successfully established (Table 2). Mice (n = 8 per group) from different groups were injected with
different C. albicans inoculums after immunosuppression, to investigate mortality rates. Based on these rates, the 2 × 105

inoculum was selected for subsequent experiments (Fig. 3A).

Table 2
Hematocyte variables before and after cyclophosphamide administration

  Before After

WBC (× 109/µl) 7.69 ± 2.31 1.74 ± 0.54**

NEUT# (× 109/µl) 0.17 ± 0.09 0.13 ± 0.20

LYMPH# (× 109/µl) 7.04 ± 2.08 1.35 ± 0.45**

MONO# (× 109/µl) 0.11 ± 0.10 0.02 ± 0.02**

RBC (× 1012/µl) 9.35 ± 0.58 7.05 ± 1.12**

HGB (g/L) 140.82 ± 8.30 106.56 ± 16.30**

PLT (× 109/µl) 799.57 ± 111.82 701.71 ± 133.88*

Notes: *: P < 0.05, **: P < 0.01, compared with before injection of cyclophosphamide. WBC, white blood cell; NEUT#,
neutrophil count; LYMPH#, lymphocyte count; MONO#, monocyte count; RBC, red blood cell; HGB, hemoglobin; PLT,
platelet.

After mice were infected with C. albicans and subsequent tissue removal, pulmonary tissue showed slight hyperemia, and
white punctate necrosis could be seen on tissue surfaces on days one and three. The liver was slightly enlarged and
hyperemic. From the third day after infection, white necrosis spots were seen (faintly) on the kidney surface, especially on
days �ve and seven (Fig. 3B).

It has been reported that fungal loads can vary in organs of mice with invasive Candida infection, with kidneys being
consistently identi�ed as the organ with the highest fungal load [20]. In our experiments, a slight fungal presence was
observed in the lung and liver after infection with C. albicans, but this was increased in the kidneys (Fig. 3C). Fungi from
these tissues were serially diluted and inoculated onto CHROMagar Candida medium where colonies grew green, indicating
the presence of C. albicans (Fig. 3D).

H&E and PAS staining demonstrated that Candida �lamentous growth was observed in the kidney after infection, and mainly
Candida spores were found in the lung and liver (Fig. 3E–F). These data were consistent with previous reports [20],
suggesting the successful constructed of a mouse model for invasive C. albicans infection.

3.6 Clinical manifestations and tissue damage in mice infected with C.
albicans
After C. albicans infection, mice in the invasive C. albicans group suffered with diarrhea, decreased activity, lethargy,
huddling, piloerection, weight loss, hepatorenal damage and death. Treatment with EP conferred signi�cant protection from
fatal C. albicans infection, which improved these clinical manifestations, such as reducing weight loss (Fig. 4A),
ameliorating the survival rate (mouse survival in the invasive C. albicans infection group = 10/15; mouse survival in the EP
group = 13/15; P < 0.05), (Fig. 4B), and improving liver and kidney function (Table 3). Mouse activity, appetite and weight
began to decrease early after cyclophosphamide injection and gradually improved at later time points (Fig. 4A). No
hepatorenal damage or death were found in the control and immunosuppressive groups during the experimental period.
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Table 3
Liver and kidney function in mice

  Control Immuno-
suppression

Candida albicans EP

1 3 5 7 1 3 5 7

TP(g/L) 52.1 ± 
2.6

52.2 ± 3.6 50.2 
± 3.1

70.7 
± 
1.5**

76.6 
± 
3.5**

87.1 
± 
3.1**

49.6 
± 1.3

61.5 ± 
2.9*△

62.9 ± 
3.3*△△

74.4 ± 
4.2**△

ALB(g/L) 29.8 ± 
0.9

31.4 ± 2.8 29.6 
± 1.8

32.5 
± 0.8

31.0 
± 3.2

29.9 
± 1.0

30.6 
± 5.1

30.0 ± 
1.5

29.9 ± 
3.4

32.8 ± 
1.8

ALT(U/L) 78.3 ± 
6.0

76.3 ± 6.2 68.1 
± 8.5

137.3 
± 
12.7**

158.7 
± 
13.2**

164.0 
± 
5.1**

66.9 
± 6.3

107.4 
± 
11.3*△

129.1 
± 
7.9**△

144.0 
± 
8.5**△

AST(U/L) 159.3 
± 10.6

156.6 ± 8.3 172.8 
± 5.1

402.1 
± 
18.1**

454.8 
± 
16.7**

383.9 
± 
11.8**

165.6 
± 9.8

356.1 
± 
10.1**△

390.1 
± 
30.6**△

348.8 
± 
12.3**△

                     

BUN(mmol/L) 7.2 ± 
0.6

7.0 ± 0.5 8.4 ± 
0.5

47.5 
± 
3.7**

47.4 
± 
4.1**

32.6 
± 
3.3**

7.7 ± 
0.5

39.4 ± 
3.9**△

38.1 ± 
4.7**△

26.0 ± 
2.4**△

SCr(ummol/L) 50.2 ± 
6.4

55.5 ± 4.0 125.0 
± 
3.5**

153.2 
± 
3.9**

151.8 
± 
3.3**

164.2 
± 
4.7**

113.1 
± 
8.6**

137.6 
± 
3.5**△

137.9 
± 
4.3**△

146.2 
± 
5.5**△

Notes: *: P < 0.05, **: P < 0.01, compared with the control and immunosuppression group; △: P < 0.05, △△: P < 0.01,
comparison of the EP group with the invasive C. albicans infection group. TP, total protein; ALB, albumin; ALT, alanine
aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; SCr, serum creatinine.

Gross tissue specimens showed that after C. albicans infection, slight swellings and hyperemia were observed in lung and
liver tissues. There were no signi�cant differences between the EP group and the invasive C. albicans infection group. From
the third day after infection, white necrosis spots on the kidney surface in the EP group were signi�cantly reduced when
compared to the invasive C. albicans infection group. This observation indicated that EP had a protective effect on kidney
tissue damage caused by C. albicans infection. No pathological changes were observed in lung, liver and kidney tissues in
control and immunosuppressive groups (Fig. 4C).

Lung, liver and kidney histology were examined at different time points. The lung emerged capillary congestion, alveolar
septum widening, and alveolar shrinkage after infection with C. albicans, especially on days one and three. Hepatocyte
swelling and steatosis were observed and became aggravated as infection time progressed. A large number of necrotic foci
were observed in the renal cortex on the third day after infection, which continued to increase during the infection course and
extended to the medulla of the kidney on the �fth and seventh day after infection. This was accompanied by in�ltration of C.
albicans and in�ammatory cells into necrotic foci. In addition, hemorrhaging was seen in the medulla of the kidney on the
�fth and seventh day. Similar phenomena were observed in the lung, liver and kidney in the EP group, but the pathological
manifestations were signi�cantly reduced when compared to the invasive C. albicans infection group. H&E staining showed
no signi�cant differences in lung, liver and kidney between the control and the immunosuppressive group (Fig. 4D).

3.7 HMGB1 expression at the mRNA and protein levels in mice
infected with C. albicans
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HMGB1 mRNA levels in peripheral blood, lung, liver and kidneys of the invasive C. albicans infection and EP groups were
signi�cantly increased after C. albicans infection (P < 0.05 or P < 0.01). When compared with the invasive C. albicans
infection group, HMGB1 mRNA levels in the EP group began to decrease from day three after infection. The differences were
signi�cant (P < 0.01, Fig. 5A). HMGB1 protein expression in the lung, liver and kidneys were markedly elevated after infection
in the invasive C. albicans infection group and the EP group, but then decreased from day 1 after infection in the EP group
when compared with the invasive C. albicans infection group (Fig. 5B). There were no signi�cant differences in HMGB1
mRNA and protein levels between the control group and the immunosuppressive group. These results suggested that EP
prevented HMGB1 mRNA and protein expression, post C. albicans infection.

3.8 Relocation of HMGB1 in the lung, liver, and kidney of mice infected
with C. albicans
In lung tissue of the control and immunosuppressive group, HMGB1 was expressed in the nucleus. There were no signi�cant
differences between the two groups. HMGB1 expression in the nuclei of the invasive C. albicans infection group and EP
group increased signi�cantly on the �rst, third, �fth and seventh day after infection, especially on days one and three.
However, HMGB1 expression in the EP group declined when compared to the invasive C. albicans infection group at the
same time point (Fig. 5C).

In liver tissue, low HMGB1 expression was observed in the nuclei of the control and immunosuppressive group. On the �rst
and third days after infection, nuclear HMGB1 expression in the invasive C. albicans infection group increased signi�cantly,
and low HMGB1 levels were released into the cytoplasm. On the �fth and seventh day after infection, in addition to increased
HMGB1 expression in the nucleus, more HMGB1 was released into the cytoplasm. HMGB1 expression in the EP group was
signi�cantly lower when compared to the invasive C. albicans infection group at the same time point, suggesting that EP
signi�cantly inhibited HMGB1 release from the nucleus to cytoplasm (Fig. 5C).

In kidney tissue, HMGB1 expression at the nucleus and cytoplasm increased signi�cantly on day one and three after C.
albicans infection and decreased gradually on days �ve and seven, but were still higher than the control and
immunosuppressive group. This may have been due to the gradual increase of focal necrosis and severe tissue damage.
HMGB1 expression in the EP group was signi�cantly lower than the invasive C. albicans infection group at the same time
point, indicating that EP not only inhibited HMGB1 expression in the nucleus, but also inhibited HMGB1 release from the
nucleus to the cytoplasm (Fig. 5C).

3.9 The release of in�ammatory cytokines from the serum of mice
infected with C. albicans
Serum HMGB1, TNF-α and IL-6 levels were signi�cantly elevated on the �rst, third, �fth and seventh day after infection (P < 
0.01), but were signi�cantly decreased in the EP group when compared with the invasive C. albicans infection group, at the
same time point (P < 0.05 or P < 0.01). There were no signi�cant differences between the control and the immunosuppressive
group. These results indicated that EP prevented the HMGB1 release after C. albicans infection (Fig. 5D).

4. Discussion
Current diagnostic and treatment options for IFI are limited; therefore, it is essential to identify improved targets for
diagnostic and therapeutic interventions. IFI is a systemic in�ammatory response disease, where the overproduction of
proin�ammatory cytokines is believed to be a major cause of disease progression or death [9–13]. Of the numerous
implicated in�ammatory cytokines, HMGB1 appears to be a key mediator in IFI.



Page 12/20

HMGB1 is an abundant chromatin-binding protein that mainly accumulates in the eukaryotic cell nucleus. It maintains
nucleosome structure and is involved in the regulation of gene transcription [21, 22]. Recently, it has been suggested that
HMGB1 is released from immune cells under proin�ammatory stimulus, and may be a vital late mediator in sepsis [23, 24].
HMGB1 exerts its biological effects via receptor binding, including the receptor for advanced glycation end product (RAGE)
and the Toll-like receptors. These interactions activate the nuclear factor-κB (NF-κB) and mitogen-activated protein kinase
(MAPK) signaling pathways to release excessive levels of proin�ammation cytokines, leading to increased in�ammation [23,
24]. Administration of HMGB1 inhibitors before or after lethal endotoxemia protects mice against lethal systemic
in�ammation, which may be an effective target for therapeutic intervention in bacterial sepsis. However, HMGB1 studies
mainly focus on bacterial sepsis, with little on fungal sepsis.

In this study, HMGB1 mRNA and protein levels in patients of all three sepsis groups increased signi�cantly when compared
with healthy controls. Importantly, HMGB1 mRNA and protein levels in patients with severe sepsis with C. albicans infection
were signi�cantly higher than in patients with sepsis or severe sepsis without fungal infection. Also, in patients with severe
sepsis without fungal infection, these levels were signi�cantly higher than in patients with sepsis without fungal infection.
These observations suggest that HMGB1 expression is signi�cantly increased during sepsis, and these levels are positively
correlated with sepsis severity.

Previous studies have also reported that HMGB1 expression re�ects the severity of some infectious diseases, such as acute
appendicitis and acute obstructive suppurative cholangitis, and helps clinicians estimate disease severity [25–27]. In
patients with C. albicans sepsis, monocytes/macrophages identify mannose molecules on cell walls, leading to increased
proin�ammatory cytokine release into the extracellular environment, including early cytokines, e.g., TNF, IL-1, IL-6 and
HMGB1. Extracellular HMGB1 then acts as a proin�ammatory mediator to induce multiple proin�ammatory cytokine release,
leading to in�ammation and organ injury [28, 29]. From this perspective, increased HMGB1 appears highly correlated with C.
albicans sepsis severity, and may play an important role in the pathological progress of C. albicans sepsis. Controlling
HMGB1 expression using anti-HMGB1 agents may improve the therapeutic treatment of C. albicans sepsis by managing
systemic in�ammation and reducing associated tissue injury.

WBCs, CRP and PCT are common in�ammatory markers in clinical practice. In our study, serum HMGB1 levels in patients
with severe sepsis with C. albicans infection were positively correlated with PCT, CRP and BDG, but not WBCs. WBCs may
increase or decrease after infection, but they do not re�ect infection severity [30]. But, HMGB1 levels were correlated with C.
albicans sepsis severity. Therefore, there are no correlations between HMGB1 and WBCs. Serum PCT and CRP levels are
extremely low under normal circumstances, but increase signi�cantly after sepsis, and increased PCT and CRP levels are
typically correlated with sepsis severity [31, 32]. However, PCT and CRP are limited in distinguishing between fungal
infections and other pathogen infections. BDG is a cell wall component of most fungi, except for Zygomycetes and
Cryptococcus species, and is important for the early diagnosis of IFI [33, 34]. A recent meta-analysis showed that pooled
sensitivity of BDG assay for the diagnosis of IFI was 76.8% [95% con�dence interval (CI), 67–84%], and pooled speci�city
was 85.3% (95% CI, 80–90%) [35]. BDG levels gradually decreased if patients responded to antifungal therapy [36]. In our
study, HMGB1, PCT, CRP and BDG levels were increased with the development of C. albicans sepsis and were consistent with
disease severity, suggesting that HMGB1 may be a useful diagnostic and prognostic biomarker of C. albicans sepsis. Taken
together, our data suggests that the combinatorial use of these indices may contribute to the early diagnosis of C. albicans
sepsis and disease severity.

EP, a stable lipophilic pyruvate derivative, is a relatively nontoxic food additive as well as an HMGB1 inhibitor. After
macrophages are stimulated with LPS, EP inhibits the release of HMGB1 and TNF-α and attenuates the activation of both
the NF-κB and MAPK signaling pathways critical for cytokine release [18]. Pretreatment or delayed administration of EP
confers signi�cant protection from lethal sepsis, reducing mortality by decreasing HMGB1 release [18]. In our study, HMGB1
mRNA and protein levels in peripheral blood, lung, liver and kidney were signi�cantly increased seven days after C. albicans
infection, but were lower in the EP group than in the invasive C. albicans infection group, indicating that EP inhibited HMGB1
expression and release.
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Previous studies have shown that HMGB1 release is the result of HMGB1 translocation from the nucleus to the cytoplasm
[37, 38]. HMGB1 released into the extracellular milieu may originate from prior synthetic reserves, while later new HMGB1 is
synthesized in the nucleus and transferred to the cytoplasm, resulting in increased HMGB1 release. Released HMGB1, as a
mediator of in�ammatory disease, has the potential to be an ideal in�ammatory biomarker and interventional target for
therapy [39]. In this study, nuclear HMGB1 in the liver was increased during the course of C. albicans infection, and
cytoplasmic HMGB1 became progressively elevated, maintaining a comparatively high level on days �ve and seven. Nuclear
and cytoplasmic HMGB1 in the kidney was signi�cantly increased after C. albicans infection. However, nuclear and
cytoplasmic HMGB1 in the liver and kidney of the EP group were lower than the invasive C. albicans infection group, at the
same time point. This observation indicates that HMGB1 also may transfer from the nucleus to the cytoplasm after C.
albicans infection, with EP inhibiting this process. Similarly, EP also alleviated organ damage, improved mortality and
inhibited TNF-α and IL-6 release. These results indicate that EP prevents lethality from invasive C. albicans infection by
inhibiting HMGB1 expression and release.

In this study, we investigated the role of HMGB1 and the anti-HMGB1 effects of EP in invasive C. albicans infection. Our data
suggests that HMGB1 plays an important role in invasive C. albicans infection and may provide a new effective target for
the diagnosis and treatment of such infection. However, more clinical evidence is needed to precisely clarify this role.
Additionally, further research is required to uncover HMGB1 molecular mechanisms in invasive C. albicans infection.

Conclusions
Serum HMGB1 mRNA and protein levels in patients with severe sepsis with C. albicans infection are elevated and are
positively correlated with PCT, CRP, BDG and disease severity. The combined detection of these indices may contribute to the
early diagnosis of fungal sepsis. HMGB1 mRNA and protein levels were also signi�cantly increased in mice with C. albicans
infection. EP inhibited the expression and release of HMGB1, reducing tissue damage and mouse mortality, inhibiting TNF-α
and IL-6 release, suggesting HMGB1 may play a vital role in invasive C. albicans infection and provide an effective
therapeutic target for these infections.
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Figures

Figure 2

Expression of HMGB1, TNF-α and IL-6 in control subjects (group 1), sepsis patients without fungal infection (group 2), severe
sepsis patients without fungal infection (group 3) and severe sepsis patients with C. albicans infection (group 4). A) HMGB1
mRNA expression was determined by RT-PCR. **: P<0.01, compared with group 1; #: P<0.05, ##: P<0.01, compared with
group 2; ∆: P<0.05, compared with group 3. B–D) HMGB1, TNF-α and IL-6 serum levels were determined by ELISA. **:
P<0.01, compared with group 1; #: P<0.05, ##: P<0.01, compared with group 2; ∆: P<0.05, ∆∆: P<0.01, compared with group
3. Data are shown as the mean ± SD.
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Figure 4

Correlation analysis between HMGB1 expression and WBC, PCT, CRP and BDG in patients with severe sepsis with C. albicans
infection. A) The correlation between HMGB1 serum levels and WBCs; r = 0.530, P = 0.809. B) The correlation between
HMGB1 serum levels and PCT; r = 0.530, P = 0.017. C) The correlation between HMGB1 serum levels and CRP; r = 0.521, P =
0.011. D) The correlation between HMGB1 serum levels and BDG; r = 0.504, P = 0.014.
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Figure 5

Establishment of a mouse model for invasive C. albicans infection. A) Survival curves of mice infected with different
inoculums of C. albicans. According to survival curves, we selected a 2×105 inoculum for subsequent experiments. B)
Morphological characteristics of lung, liver and kidney before and after C. albicans infection. C) Fungal loads in lung, liver
and kidney tissues after infection C. albicans growth was determined after a 48 hour incubation at 37°C on Sabao weak
medium. D) Identi�cation of C. albicans in lung, liver and kidney tissues using CHROMagar. E) H&E staining of lung, liver and
kidney before and after C. albicans infection. Original magni�cation; ×400. Arrows show hyphae and spores. F) PAS staining
of lung, liver and kidney before and after C. albicans infection. Magni�cation: ×400. Arrows show hyphae and spores.
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Figure 7

Clinical manifestations and tissue damage in mice infected with C. albicans. A) Changes in body weight of mice from
control, immunosuppression, invasive C. albicans infection and EP groups. *: P<0.05 indicates differences from all other
groups; ∆: P<0.05 indicates differences from C. albicans and EP groups; : P<0.05 indicates differences from the EP group.
B) The survival curve of controls, immunosuppression, invasive C. albicans infection and EP groups. C) Morphological
characteristics of lung, liver and kidney of different mice groups at different times. D) H&E staining of lung, liver and kidney
of different mice groups at different times. Magni�cation: ×200 (lung and liver), ×40 (kidney).
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Figure 9

HMGB1 expression in mice groups. A) HMGB1 mRNA expression was determined by RT-PCR. Data are shown as the mean ±
SD (n = 3). *: P<0.05, **: P<0.01, compare with control and immunosuppression group; ※※: P<0.01, compare EP group with
invasive C. albicans infection group. B) Protein from lung, liver and kidney tissues and HMGB1 expression levels were
detected by western blot. C) Immunohistochemical analysis of HMGB1 in lung, liver and kidney tissue. Magni�cation: ×200.
D) HMGB1, TNF-α and IL-6 levels in mouse peripheral blood were evaluated by ELISA. Data are shown as the mean ± SD (n =
3). **: P<0.01, compare with control and immunosuppression groups; ※: P<0.05, ※※: P<0.01, compare EP group with
invasive C. albicans infection group.


