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Abstract
Background: The incidence of sepsis is high among patients in the intensive care units (ICU) and acute
kidney injury (AKI) is a common complication of sepsis that contributes to increased mortality. Thymosin
beta-4 (Tβ4) is an actin-sequestering protein that can prevent in�ammation and �brosis in several
tissues. However, its functions in septic AKI remain unknown.

Methods: 98 consecutive hospitalized patients with con�rmed sepsis were enrolled. Demographics,
comorbidities, laboratory �ndings, and outcomes were collected and analyzed. Serum Tβ4 levels at ICU
admission were measured and analyzed for evaluating the probability of AKI using the logistic
regression. In addition, the effects of exogenous Tβ4 on kidney injury was also conducted in mice where
a sepsis model was induced by lipopolysaccharide (LPS) intraperitoneal injection.

Results: Of the 98 patients with sepsis, 47 (48%) developed AKI. Patients with hypertension, diabetes,
higher body mass index (BMI) and Sequential Organ Failure Assessment (SOFA) score were more likely to
develop AKI. Among patients with AKI, hemoglobin, and Tβ4 were signi�cantly decreased. Multivariate
analysis showed decreased Tβ4, high SOFA, and high BMI to be independent risk factors for AKI in
patients with sepsis. The overall mortality rate of the 98 septic patients was 20.4%, and the mortality rate
of those with AKI was 29.8%. Kaplan-Meier analysis demonstrated that patients with AKI had a
signi�cantly higher risk of death. In particular, increasing AKI severity was associated with an increased
risk of death. Furthermore, exogenous Tβ4 could reduce renal apoptosis and attenuated renal
dysfunction, as well as reducing systemic in�ammatory response through the prevention of the activation
of NF-κB pathway in the sepsis model.

Conclusions: The combination of Tβ4, SOFA, and BMI could allow for timely detection of septic AKI.
Exogenous Tβ4 could prevent kidney injury in sepsis.

1. Introduction
Sepsis is a systemic in�ammatory response syndrome (SIRS) that is caused by infection[1] and is one of
the leading causes of death in intensive care unit (ICU) patients[2]. Acute kidney injury (AKI) is a series of
pathophysiological changes caused by the sudden decline of renal function and the inability to exclude
metabolic waste from the body, which is one of the most common complications of sepsis[3]. In the ICU,
almost 50% of sepsis patients will develop AKI, thereby increasing the mortality rate of sepsis patients by
30–50%[4]. Up to now, the updates of diagnosis and treatment of septic AKI remain quite limited[5]. The
traditional diagnostic criteria based on creatinine and urine volume are lack of sensitivity, and the
damage of renal function may occur earlier than the changes of conventional markers[6]. In survival
patients with septic AKI, almost 70% of the patients progress to chronic kidney disease and renal failure,
which results in poor prognosis[7]. There is therefore an urgent clinical need for novel biomarkers for the
timely diagnosis and detection of septic AKI in its early stages.
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Thymosin beta-4 (Tβ4) is a natural peptide encoded by the TMSB4X gene on the X-chromosome. It has
been proven that Tβ4 regulates a series of cellular functions that include cell motility, differentiation,
apoptosis, angiogenesis, anti-in�ammatory, and �brosis[8]. Tβ4 has attracted signi�cant attention in the
regenerative medicine �eld[9]. Tβ4 promotes the regeneration of eyes, skin, heart, and other tissues[10–
13]. As an immune regulatory molecule, Tβ4 has the ability to reduce oxidative stress and block the
secretion of in�ammatory cytokines in many disease models[14]. In addition, the ratio of G-actin and F-
actin, which are closely regulated by Tβ4, has proven to be signi�cantly different in patients with septic
shock[15].

Tβ4 has not yet been investigated as a potential biomarker for septic AKI. Thus, this study explores the
relationship between Tβ4 and septic AKI in ICU patients, and evaluates the e�cacy of exogenous Tβ4
against septic AKI in mice.

2. Materials And Methods

2.1 Observation study in patients with sepsis

2.1.1 Study design and participants
This study was a prospective observational research study performed in a 58-bed closed intensive care
unit of a 3300-bed tertiary center. With the approval of the Ethics Committee at Zhongnan Hospital of
Wuhan University, patients in the ICU diagnosed with sepsis between January 1st and June 30th, 2019
were enrolled in the study. Patients with pre-existing AKI, chronic kidney disease, renal replacement
therapy, end-stage renal disease, and organ transplantation were all excluded from the study. Patients
who were aged below 18 or over 80 years old, and those who did not complete the consent form were
also excluded.

2.1.2 Data collection
Upon the ICU admission with diagnosis of sepsis, patients’ relevant information, including demographics,
laboratory �ndings, management or treatment strategies, and outcomes were recorded. Blood and urine
samples were obtained as soon as possible. Blood samples were centrifuged at 1500g for 10 min, while
urine samples were centrifuged at 500g for 10 min; both were stored at − 80°C for analysis.

2.1.3 AKI diagnostic criteria
According to the diagnostic criteria of Kidney Disease Improving Global Outcomes (KDIGO)[16], AKI can
be diagnosed if it meets one of the following criteria: an increase in serum creatinine by ≥ 0.3 mg/dl (≥ 
26.5 µmol/l) within 48 h; an increase in serum creatinine to ≥ 1.5 times baseline within the previous 7
days; urine volume ≤ 0.5 ml/kg/h for 6 h. AKI stage 1 is de�ned by an increase in serum creatinine of
50%-100% within 7 days or to 26.5 µmol/L or even greater than baseline within 48 hours, or urine output
less than 0.5 ml/kg/h for 6–12 h; AKI stage 2 is de�ned by an increase of serum creatinine in 100%-200%
from baseline, or urine output less than 0.5 ml/kg/h for more than 12 h; AKI stage 3 is de�ned by a an
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increase of 200% or more in serum creatinine, an increase to 353.6 µmol/L or more, urine output less than
0.3 ml/kg/h for more than 24 h or anuria for more than 12 h, or initiation of renal replacement therapy.

2.2 Study on septic AKI in mice

2.2.1 Animal model of septic AKI
All experiments were performed in accordance with Chinese legislation on the use and care of laboratory
animals and were approved by the Animal Care and Use Committee of Wuhan University.

Male C57BL/6 mice weighing between 18 and 22 g were obtained from the Animal Center of Wuhan
University. A sepsis model was created by injecting lipopolysaccharide (LPS, Sigma Chemical, St.Louis,
Mo, USA) at the dose of 10mg/kg intraperitoneally. Mice in the LPS + Tβ4 group were pretreated with a
Tβ4 solution (10 mg/kg) via abdominal injection 15 minutes prior to LPS administration. Mice in the
normal control (NC) group were only treated with saline. 24 hours after injection, blood was collected by
intracardiac puncture. Heparinized blood was centrifuged for 10 min to separate the plasma. Kidneys
were harvested for tissue analysis, and half of the harvested kidneys were �xed in 4% paraformaldehyde
and processed for hematoxylin and eosin (H&E)-stained analysis, while the other half were snap-frozen in
liquid nitrogen and stored at − 80°C for protein analysis.

2.2.2 Western blot analysis
Total protein was extracted from the kidney tissue of mice. Equal amounts of proteins were separated
using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to a
nitrocellulose membrane (Millipore). Following blocking with 5% non-fat milk, the membrane was
incubated with anti-T-P65 (1:1000, Proteintech, 10745-1-AP), P-P65 (1:1000, Bioswamp, PAB36317-P), T-
IκBα (1:1000, Bioswamp, PAB43967), P-IκBα (1:1000, Bioswamp, PAB43574-P), BCL2 (1:2000,
Proteintech, 12789-1-AP), Caspase-3 (1:500, Proteintech, 19677-1-AP), or anti-GAPDH (1:5000, Bioswamp,
PAB45851).

2.2.3 Enzyme linked immunosorbent assay
The concentration of human Tβ4 were determined by commercially available ELISA kits (Jymbio, Colorful
Gene Biological Technology Co. Ltd., Wuhan, China) according to the manufacturer’s instructions. Mice
serum cytokines interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α) were
measured by commercial ELISA kits (Jymbio, Colorful Gene Biological Technology Co. Ltd., Wuhan,
China). All samples were measured in triplicate.

2.2.4 TUNEL assay
In order to detect TUNEL-positive cells, an ApopTag Peroxidase In Situ Apoptosis Detection Kit was used
in accordance with the manufacturer’s instructions (S7100; Serologicals, Millipore).

2.3 Statistical analysis
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All numerical data was expressed as mean ± standard error or median and interquartile range.
Independent sample t-tests and Mann Whitney U tests were used to compare the continuous variables. In
order to determine the discriminative power of Tβ4, Sequential Organ Failure Assessment (SOFA), and
body mass index (BMI) for septic AKI occurrence, receiver-operating characteristic (ROC) curves were
constructed and the area under the curve (AUC) was determined with its 95% con�dence interval (CI).
Statistical analyses were performed using Statistical Package for the Social Sciences (version 22.0) and
GraphPad Prism software (version 8.0). P < 0.05 was considered to be statistically signi�cant.

3. Results

3.1 Characteristics of the Patients
98 patients were enrolled in this study, whereby 47 (48%) developed AKI (Table 1). In addition, 22 patients
of them (46.8%) complicated with AKI stage 1, 11 patients (23.4%) AKI stage 2, and 14 patients (29.8%)
AKI stage 3 (Supplementary table 1).
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Table 1
Characteristics of the Patients with Sepsis Between NAKI and AKI

Factors All (n = 47) Survivors (n = 
33)

Non-survivors (n 
= 14)

P
value

Stage of AKI       0.020

AKI stage 1 22(46.8) 19(57.6) 3(21.4)  

AKI stage 2 11(23.4) 8(24.2) 3(21.4)  

AKI stage 3 14(29.8) 6(18.2) 8(57.1)  

Treatment n(%)        

Mechanical ventilation 24(51.1) 11(33.3) 13(92.9) 0.001

Vasopressor 33(70.2) 20(60.6) 13(92.9) 0.027

Diuretic 38(80.9) 27(81.8) 11(78.6) 0.796

Renal replacement therapy 9(19.1) 6(18.2) 3(21.4) 0.796

Factors All (n = 98) NAKI (n = 51) AKI (n = 47) P
value

Age (IQR) 63(51–71) 63(49–71) 63(52–73) 0.790

Gender n(%)        

Male 63(64.3) 34(66.7) 29(61.7) 0.608

Female 35(35.7) 17(33.3) 18(38.3) 0.608

Comorbidities n(%)        

Hypertension 43(43.9) 16(31.4) 27(57.4) 0.009

Diabetes 18(18.4) 5(9.8) 13(27.7) 0.023

Cardiovascular disease 20(20.4) 7(13.7) 13(27.7) 0.087

Cerebrovascular disease 19(19.4) 10(19.6) 9(19.1) 0.954

Chronic obstructive pulmonary
disease

8(8.2) 4(7.8) 4(8.5) 0.904

Malignancy 22(22.4) 11(21.6) 11(23.4) 0.828

Body mass index (IQR) 22.49(20.35–
24.50)

21.10(19.38–
23.44)

23.03(21.81–
25.74)

0.002

Sequential Organ Failure
Assessment (IQR)

6(5–9) 6(4–7) 9(6–11) 0.001

* Only 78 survival patients were collected and analyzed.
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Factors All (n = 47) Survivors (n = 
33)

Non-survivors (n 
= 14)

P
value

Laboratory data        

White blood cell count, ×109/L
(IQR)

12.11(7.24–
17.77)

11.42(7.14-
15.00)

13.28(7.87–
20.18)

0.099

Neutrophil count, ×109/L (IQR) 10.63(5.92–
14.32)

10.26(5.84–
13.72)

11.19(6.03–
17.76)

0.198

Lymphocyte count, ×109/L (IQR) 1.18(0.73–
1.73)

1.23(0.74–
1.81)

1.08(0.72–1.63) 0.378

Platelet count, ×109/L (IQR) 133.0(84.3-
174.8)

135.0(93.0-
163.0)

109(77.0-202.0) 0.817

Hemoglobin g/L (IQR) 103.8(86.5-
123.9)

109.0(95.0-
127.5)

99.5(79.5–
116.0)

0.046

Alanine aminotransferase, U/L
(IQR)

31.5(18.0-78.7) 32.0(18.0–
88.0)

31.0(18.0–77.0) 0.787

Aspartate aminotransferase, U/L
(IQR)

51.0(31.2-
101.7)

49.0(32.0–
91.0)

56.0(29.0-158.0) 0.481

Abumin, g/L (IQR) 27.7(24.4–
30.8)

27.6(23.8–
30.3)

27.8(24.9–32.0) 0.325

Creatinine,µmol/L (IQR) 68.8(56.6–
84.8)

67.0(53.1–
81.7)

70.1(58.8-85.65) 0.260

Urea, mmol/L (IQR) 6.42(5.40–
7.70)

5.81(5.10–
7.72)

6.76(5.90–7.30) 0.051

Procalcitonin, ug/L (IQR) 8.47(1.95–
51.27)

6.54(2.90-
29.34)

10.33(1.22–
65.33)

0.136

Lactic acid, mmol/L (IQR) 2.40(1.20–
3.80)

2.10(0.95–
3.25)

2.80(1.50–5.80) 0.077

Thymosin beta 4, ng/ml (IQR) 4.41(1.65–
9.74)

7.23(3.32-
113.28)

2.03(1.29–4.91) 0.001

Outcome        

Death n(%) 20(20.4) 6(11.8) 14(29.8) 0.027

ICU stay (IQR)* 5(3–7) 4(2–7) 5(4–8) 0.023

Hospital stay (IQR)* 12(9–14) 11(9–14) 12(10–16) 0.049

* Only 78 survival patients were collected and analyzed.

There was no signi�cant difference in age and gender between the AKI and non-AKI. However, patients
with hypertension and diabetes had a greater likelihood of developing AKI. In particular, patients with a



Page 8/18

high BMI and SOFA score were more likely of developing AKI. Besides, the hemoglobin and Tβ4 in
patients with AKI were signi�cantly decreased.

3.2 Outcome of patients in sepsis with or without AKI
Of the 98 patients included in this study, 78 were discharged and 20 died. The overall mortality rate was
20.4%, with 29.8% in AKI and 11.8% in non-AKI (Table 1). Kaplan-Meier survival curve showed that the
survival rate in the AKI was lower than that in non-AKI (P = 0.032) (Fig. 1. A). Cox proportional hazard
regression also revealed that the hazard ratio of AKI to mortality was 2.674 with 95% CI (1.027–6.960, P 
= 0.044). Furthermore, the ICU stay and hospital stay for patients with septic AKI was signi�cantly
increased (Table 1).

In addition, increasing AKI severity was associated with increased mortality (Table 2 and Fig. 1. B). Of the
47 patients with septic AKI, 24 (51.1%) received mechanical ventilation, 33 (70.2%) received vasopressor,
38 (80.9%) received diuretics, and 9 (19.1%) received renal replacement therapy (Supplementary table 1).

Table 2
Multivariate analysis of independent risk factors of Septic AKI

Factor OR(95% CI) P value Adjust OR(95% CI) P value

Tβ4 0.869(0.800-0.945) 0.001 0.872(0.792–0.961) 0.006

SOFA 1.321(1.134–1.537) 0.001 1.392(1.155–1.676) 0.001

BMI 1.257(1.084–1.458) 0.003 1.227(1.009–1.491) 0.040

Hypertension 2.953(1.291–6.753) 0.009 - 0.326

Diabetes 3.518(1.145–10.809) 0.023 - 0.077

Hemoglobin 1.015(1.001–1.030) 0.046 - 0.408

3.3 Multivariate analysis of the risk factors of septic AKI
Factors with statistical signi�cance from the results of univariate analysis were included in the logistic
regression model as covariates. Adjustments were made for the following confounders: hypertension,
diabetes, and hemoglobin. Multivariate analysis found Tβ4, SOFA, and BMI to be the independent risk
factors for AKI in patients with sepsis. The adjusted OR of Tβ4 was 0.872 (95% CI,0.792–0.961). The
adjusted OR of SOFA was 1.392 (95% CI, 1.155–1.676). The adjusted OR of BMI was 1.218 (95% CI,
1.009–1.491). (Table 2)

3.4 The clinical role of Tβ4, SOFA, and BMI in the prediction
of septic AKI occurrence
ROC curve analysis was performed in order to determine the performance of Tβ4, SOFA, BMI, and
combinations of Tβ4, SOFA, and BMI in the prediction of septic AKI (Fig. 2).
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The AUC of Tβ4 was 0.746, best cut off of Tβ4 was 5.247 with sensitivity of 76.6% and speci�city of
68.6%. The AUC of SOFA was 0.727, best cut off of SOFA was 9 with sensitivity of 55.3% and speci�city
of 82.4%. The AUC of BMI was 683, best cut off of BMI was 21.58 with sensitivity of 78.7% and
speci�city of 58.8%. Interestingly, the combination of Tβ4, SOFA, and BMI presented an AUC of 0.852 (P
value < 0.001) for septic AKI (Table 3).

Table 3
ROC curve of variables in the prediction of septic AKI

Factor AUC P value Best cut off Sensitivity Speci�city

Tβ4 0.746 0.001 5.247 0.766 0.686

SOFA 0.727 0.001 9 0.553 0.824

BMI 0.683 0.002 21.58 0.787 0.588

Combination of Tβ4, SOFA and BMI 0.852 0.001 - - -

3.5 Tβ4 pretreatment alleviated kidney injury in the sepsis
mice
To further elucidate the effects of Tβ4 in septic AKI, we designed this animal experiment. The serum
creatinine increased signi�cantly in the sepsis model group compared to that of the NC group at 24
hours. In addition, the increased serum creatinine was signi�cantly improved with Tβ4 pretreatment
(Fig. 3. A). In�ammatory in�ltration and vacuolization in tubules were showed in the kidney tissue with
LPS injection using H&E-stain. The histopathological changes were ameliorated by Tβ4 pretreatment
(Fig. 3. B). For analysis of apoptosis of the kidneys, TUNEL assay was performed in the kidney tissue of
the mice. The apoptosis percentage was also decreased with Tβ4 pretreatment (Fig. 3. C). In addition,
Tβ4 could inhibit the activation of Caspase-3 and slow down the inactivation of BCL-2 (Fig. 3. D).

3.6 Tβ4 prevents the LPS-induced activation of NF-κB and
the induction of proin�ammatory cytokines
The levels of plasma IL-1β, IL-6, and TNF-α were signi�cantly increased after LPS injection, and these
effects was markedly reduced with Tβ4 pretreatment (Fig. 4. A).

To explore the mechanism of regulating in�ammatory cytokines, the effects of Tβ4 on NF-κB pathway, an
essential step for the activation of Kupffer cells and the production of proin�ammatory cytokines, were
studied. Tβ4 signi�cantly blocked the activation of the NF-κB pathway with respect to regarding the level
of P-P65. These changes were also concomitantly associated with a change in the P-IκBα (Fig. 4. B).

4. Discussion
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This study revealed the proportion of septic patients developing AKI in ICU to be 48%. The development of
AKI could signi�cantly increase the mortality of patients with sepsis, and the risk of death increased with
the grade of AKI. Multivariate regression analysis revealed Tβ4, SOFA, and BMI at ICU admission to be
independent risk factors for AKI in ICU patients with sepsis. In addition, Tβ4, SOFA, and BMI at ICU
admission can predict the occurrence of AKI in patients with sepsis. The ROC curve curve showed Tβ4,
SOFA, and BMI to be reliable in the prediction of septic AKI. Besides, this study proved that exogenous
Tβ4 could not only improves renal function and reduce renal apoptosis, but also reduces in�ammatory
factors by down-regulating the activity of NF-κB pathway so as to improve the systemic in�ammatory
response of sepsis model mice.

Related studies have shown Tβ4 reduces kidney injury by reducing in�ammatory reaction and oxidative
stress[17]. In sepsis patients, Tβ4 decreased signi�cantly[18], leading to changes in the podocyte
distribution within the glomerulus, increased periglomerular macrophage accumulation, and enhanced
�brosis, which results in progressive deterioration of renal function[19]. A study of 184875 people showed
that the prognostic accuracy of the SOFA score was superior to SIRS criteria and qSOFA score among
patients with suspected infection admitted to the ICU[20]. SOFA score combined with biomarkers have
shown favorable results in predicting the development of septic AKI[21]. In addition, high BMI has been
proven to be an independent risk factor for AKI in ICU patients. Obesity can cause some hemodynamic
changes in the glomerulus, which will lead to glomerular injury. Furthermore, increased oxidative stress in
obese patients can contribute to detrimental changes in the glomeruli[22].

In animal studies, exogenous Tβ4 were reported bene�cial effects in diverse pathologies including
myocardial infarction[23], stroke[24], dry eye[25], and in�ammatory lung disease[26]. Clinical studies also
assessed the e�cacy of Tβ4 treatment in wound healing and cardioprotection[27]. Furthermore,
exogenous Tβ4 demonstrated good therapeutic effect in the experimental model of kidney disease, such
as reducing proteinuria, albumin to creatinine ratio, plasma creatinine, blood urea nitrogen, and creatinine
clearance rate[8]. This study proved that exogenous Tβ4 could reduce renal apoptosis and attenuate
renal dysfunction in septic mice. In addition, it was also demonstrated that Tβ4 could reduce systemic
in�ammatory response through the prevention of the activation of the NF-κB pathway, which was similar
to previous study [28].

Our study has several limitations. First, we didn’t assessed factors of drug-induced kidney dysfunction.
Second, the long-term outcome of patients was not followed up, especially the incidence of chronic
kidney disease. Third, the effect of endogenous Tβ4 in animal model of septic AKI can not be ruled out.

5. Conclusions
In general, AKI is a common complication in patients with sepsis, which worsened the outcome. The
prediction model of Tβ4 combined with SOFA and BMI can be used for prediction of the risk of septic AKI.
Furthermore, exogenous Tβ4 can protect renal function and reduce in�ammatory reaction in the sepsis
mice model, which may be developed as a promising potential drug against septic AKI.
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Figure 1

Kaplan-Meier survival curves. A Kaplan-Meier survival curves of AKI on overall survival in patients with
sepsis. B Kaplan-Meier survival curves of AKI stage on survival in patients with septic AKI.
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Figure 2

ROC curves of variables in predicting septic AKI.
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Figure 3

Exogenous Tβ4 alleviated kidney injury in sepsis model. A. Serum creatinine was measured in each group
to con�rm the severity of AKI. B. H&E staining of kidney sections in each group. In�ammatory in�ltration
and vacuolization in tubules were indicated in the insets by arrows. Bar represents 50µm. C. Apoptosis
rate was analysis by TUNEL in the kidney of mice. D. Western blot assay was utilized to detect apoptosis
related protein expression in mice kidney.
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Figure 4

Exogenous Tβ4 attenuated cytokine secretion via the NF-κB pathway. A. The cytokine TNF-α, IL-1β, and
IL-6 in the serum of mice were detected by ELISA. B. Western blot analysis of P-P65, T-P65, P-IκBα, and T-
IκBα protein expression in mice kidney tissues. Protein levels were determined after normalization to
GAPDH.


