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編言 
 
 
 

    在新冠肺炎疫情肆虐下，高雄長庚醫院外傷科在嚴峻的防疫工作下，除

了持續服務南台灣之大量外傷病患，不斷提升臨床之照護水準外，並仍著墨

於各項臨床與基礎方面之研究工作。每年年初，彙整我們過去一年來由科內

醫護人員所發表和外傷相關之學術研究工作內容，不僅對過去一路走來之

足跡做一個回顧檢討，也在於對未來的各項研究括劃出新的方向。我們這一

年的研究特別探討了一般醫學訓練PGY培訓對醫務人員面對COVID-19大流

行時的自我效能感和情緒特徵之影響持續，並利用長庚研究資料庫持續進

行外傷之研究，深化老年營養風險指數(GNRI)於外傷急重症患者之應用，研

究了病患血小板和白血球的亞型衍生之各項比率和外傷之關係，還有釐清

安全帽類型對於外傷保護的影響。同時並發表了多篇和外泌體(exosome)相

關的基礎研究。期望能藉由擴大外傷研究之範疇，增加外傷醫學領域之學術

交流，並促進對外傷病患之全方面照顧。 
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傷患者之研究發現，死亡組和存活者組之間的單核細胞和中性粒細胞水平，

以及MLR或NLR皆無顯著差異，而死亡患者的PLR則明顯低於存活者。多變

量邏輯回歸分析顯示，較高的淋巴細胞水平、較低的血小板數量、和較低的

PLR是和病患者死亡相關之獨立危險因素。外傷後，升高之淋巴細胞水平伴

隨著紅血球水平的降低及血小板耗損，可能代表說病患有可能有血容量不足

的現象。此研究亦顯示，在事故現場早期之強化補液對重傷患者存活之重要

性，而且此介入治療仍應在患者到達醫院後繼續進行以降低死亡風險。 
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老年營養風險指數 (GNRI) 計算方式為 1.489 × 白蛋白 (g/dL) +41.7 ×(

當前體重/理想體重)。GNRI被認為有助於識別營養不良的高風險亞急性或慢

性疾病老年患者。鑑於外傷患者都在急性情況下受傷，本研究旨在探討 

GNRI是否也可以用在外傷患者身上，用以篩查出營養不良的高風險病患。

於2009年1月1日至2019年12月31日，共1772名老年人和2194名成人外傷住院患

者，根據其GNRI分為四個類別：高危組(GNRI <82)、中危組(GNRI 82 至 

<92)、低危組(GNRI 92–98)和無風險組(GNRI > 98)。藉由傾向評分匹配患者

的統計分析中，我們發現高危組的老年患者和成人患者與無風險組之患者相

比皆具有顯著更高的死亡率和更長的住院時間。而成年外傷患者在死亡率和

住院時間長短和老年患者具有可相比性。此研究表明，GNRI 亦可以作為一

種有用的篩查方法來識別急性外傷患者的營養不良高危險群患者， GNRI不

僅可以用於老年外傷患者，也可以用於較年輕的成年外傷患者。 
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多元邏輯回歸分析顯示，老年營養風險指數 (GNRI)、末期腎病 (ESRD) 和 

外傷嚴重指數(ISS)為中重度腦部外傷患者死亡的重要獨立危險因素。根據

GNRI四分位將研究人群分為四個營養風險類別群組Q1到Q4時，Q1患者比

Q4患者有著明顯更長住院時間和更高的死亡率。 
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我們評估了1071 名跌倒受傷的老年患者。經過 1:1 傾向評分匹配分析，老

年營養風險指數 (GNRI)高危組患者與無風險組患者相比，死亡風險高出5.7

倍(p = 0.003)，並住院時間有明顯的延長(18.0 天 vs 12.3 天；p = 0.016)。中

危組和低危組與無風險組相比，雖然死亡風險並無明顯增加，但是住院時間

也會有明顯的延長。 
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我們研究機車騎士在發生交通事故時，發現不戴安全帽的患者更容易有頭部

受傷，其頭部區域簡易外傷分數(abbreviated injury scale, AIS)≥ 2分者較多、昏

迷指數偏低、外傷嚴重指數(ISS)偏高，且合併更高的死亡率。至於配戴不同

類型安全帽對患者的保護作用，半罩安全帽提供的保護明顯低於全罩安全帽

，佩戴半罩安全帽的患者其頭部區域簡易外傷分數 ≥ 2分的損傷發生機率顯

著更高，且較容易發生硬膜下血腫、蛛網膜下腔出血、及腦內血腫。然而，

當調整性別、年齡和合併症之病患基本條件後，戴半罩或開口式安全帽患者

的調整後死亡率與戴全罩式安全帽的患者相比，並無顯著之差異。這項研究

表明，半罩安全帽對於防止頭部受傷所提供的保護作用顯著地比全罩式安全

帽低。然而，機車騎士配戴的安全帽型態與受傷後昏迷指數、住院後死亡率

以及住院天數沒有顯著的差異。 
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本研究旨在調查一般醫學訓練PGY培訓對醫務人員面對COVID-19大流行時

的自我效能感(self-efficacy)和情緒特徵(emotional traits)之影響。我們對於急診

一百一十位醫師，使用一般自我效能感量表(General Self-Efficacy Scale, GSES)

和情緒特徵與狀態量表(Emotional Trait and State Scale, ETSS)進行調查，並收

集反饋和建議。使用探索性因子合併降維分析，歸結為四個因素，包括了“

應對自如的能力”、“主動能力”、“消極情緒”和“積極情緒”。研究發

現，接受過PGY訓練的人具備明顯更高“自在應對能力”、“主動能力”和

“積極情緒”三個因素的得分。PGY 訓練可能對醫師於面對COVID-19 大

流行時之個人自我效能感和情緒特徵產生了積極影響。 
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本研究在於探討嚴重外傷患者血液中發炎及免疫相關蛋白質的表現。我們從

加護病房罹患嚴重外傷並曾使用呼吸器超過48小時的40位患者，偵測其血液

中各項急性期蛋白(acute phase protein)、細胞因子(cytokine)、及免疫檢查點蛋

白(immune checkpoint protein)的表現，發現血液中急性期蛋白如 alpha-1-acid 

glycoprotein (AGP) 和 C-reactive protein (CRP) 、 細 胞 因 子 如 granulocyte 

colony-stimulating factor (G-CSF), interleukin-6 (IL-6), and interleukin-1 receptor 

antagonist (IL-1ra)在嚴重創傷後明顯地增加。相反的，急性期蛋白如alpha- 

2-macroglobulin (A2M), serum amyloid P (SAP),及von Willebrand factor (vWF)、細

胞因子如interleukin-4 (IL-4)及interferon gamma-induced protein 10 (IP-10)則呈

現明顯地減少。而免疫檢查點蛋白的表達則沒有顯著變化。 
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脂肪幹細胞所分泌的外泌體(exosome)被證明所具有增進組織再生的能力，並

可以促進傷口的癒合。本研究在於探討當脂肪幹細胞曝露於傷口感染的環境

中之各項細菌分泌之毒素如內毒素(lipopolysaccharide, LPS)時，其所分泌的外

泌體是否能具備增進組織再生的能力。我們使用細胞培養的研究發現，人類

的脂肪幹細胞經內毒素預處理後所分泌之外泌體，具備了更進一步增加人類

內皮血管細胞的血管新生的能力，而且牽涉到cAMP response element binding 

protein (CREB)、 activating protein 1 (AP-1)、及nuclear factor-κB (NF-κB)的訊

息傳遞途徑之調控。同重元素相對和絕對定量(iTRAQ)蛋白質分析亦表明，

外泌體內的eukaryotic translation initiation factor 4E (EIF4E), amyloid beta A4 

protein (APP), integrin beta-1 (ITGB1)及ras-related C3 botulinum toxin substrate 1 

(RAC1)可能是潛在參與其增強血管新生能力的作用蛋白質。 
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脂肪幹細胞分泌的外泌體曾被報告過可改善周邊神經損傷後的神經再生。在

此研究中，我們探討說脂肪幹細胞經過抗免疫排斥藥物FK506的預處理後所

分泌的外泌體，是否是能夠近一步地有效增強神經再生現象。我們在小鼠坐

骨神經壓砸傷模型中評估神經再生功能，並使用toluidine blue染色的半薄神經

切片的組織形態計量學、神經再生相關因子的PCR 陣列表達、同重元素相對

和絕對定量(iTRAQ)蛋白質分析等進行後續研究。我們觀察到有無經過FK506

的預處理的脂肪幹細胞所分泌的外泌體皆具備有效促進神經再生的功能，且

結果並無明顯之差異。而利用蛋白質學的分析顯示，脂肪幹細胞分泌的外泌

體內之蛋白質如HDAC、APP、及ITGB1可能和其促進神經再生功能有關。  
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神經損傷後，巨噬細胞出現在支配神經元的周圍，並產生自噬反應(autophagy)

，以調節炎症反應。此現象和神經受傷後之神經炎症(neuro-inflammation)有著

密切相關。免疫抑制藥物FK506被報告說可以增強神經壓砸傷後之神經再生

，並具有額外的神經保護和神經營養因子(neurotrophin)功能。此研究發現脂

肪幹細胞經FK506預處理後所分泌的外泌體，可以減少神經壓砸傷後脊髓背

角中巨噬細胞的自噬作用。同重元素相對和絕對定量(iTRAQ)分析顯示，外



泌體內含之 heat shock protein family A member 8 (HSPA8) 和 eukaryotic 

translation elongation factor 1 alpha 1 (EEF1A1)兩種蛋白質可能參與此外泌體

所介導的減少自噬作用現象。  
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我們採用了四種方法來分離人類脂肪幹細胞的外泌體，包括超高速離心

(ultracentrifugation) 、 尺寸 排 除色 譜 法 (size exclusion chromatography) 、

ExoQuick-TC和 ExoQuick-TC ULTRA 沉澱分離，並進行了同重元素相對和

絕對定量(iTRAQ)分析，發現有138個穩定表達的外泌體蛋白質可左為潛在的

人類脂肪幹細胞外泌體標誌物，其中包括了 CD109、CD166、HSPA4、TRAP1

、RAB2A、RAB11B 和 RAB14。此研究同時表明了，不同的分離方法可能

會相當程度地影響了外泌體內蛋白質組成的變化，並具備不同之生物功能。

進行外泌體研究時要特別考慮分離分法對於實驗結果之影響。  

 

Subpopulations of  exosomes purified via different exosomal markers carry 

different microRNA contents. 

International Journal of  Medical Sciences. 2021 Jan 1; 18(5): 1058-1066. 
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Tsu-Hsiang Lu, Chia-Wei Lin, Chia-Wen Tsai, Ching-Hua Hsieh 

外泌體的異質性(heterogeneity)是外泌體研究之巨大挑戰。此研究利用流式細

胞儀純化盲腸穿孔敗血症(CLP)模式之C57BL/6小鼠血清中的外泌體膜上之

不同表面受體(Rab5b, CD9, CD31, CD44)所區分的各種亞群，並偵測各亞群外

泌體內由基因定序後所得的微型核糖核酸(microRNAs)含量，顯示不同的亞群

外泌體內之微型核糖核酸表現有相當的差異。這項研究的結果表明了當使用

循環外泌體作為生物標記或研究此外泌體功能時，使用一致的外泌體標記作

為檢測的必要性。 
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Abstract: Background: White blood cell (WBC) subtypes have been suggested to reflect patients’
immune-inflammatory status. Furthermore, the derived ratio of platelets and WBC subtypes, includ-
ing monocyte-to-lymphocyte ratio (MLR), neutrophil-to-lymphocyte ratio (NLR), and platelet-to-
lymphocyte ratio (PLR), is proposed to be associated with patient outcome. Therefore, this study
aimed to identify the association of platelets and white blood cells subtypes with the mortality
outcome of trauma patients in the intensive care unit (ICU). Method: The medical information from
2854 adult trauma patients admitted to the ICU between 1 January 2009 and 31 December 2019
were retrospectively retrieved from the Trauma Registry System and classified into two groups: the
survivors group (n = 2524) and the death group (n = 330). The levels of monocytes, neutrophils,
lymphocytes, platelets, and blood-drawn laboratory data detected upon patient arrival to the emer-
gency room and the derived MLR, NLR, and PLR were calculated. Multivariate logistic regression
analysis was used to determine the independent effects of univariate predictive variables on mortality
occurrence. Result: The results revealed the patients who died had significantly lower platelet counts
(175,842 ± 61,713 vs. 206,890 ± 69,006/µL, p < 0.001) but higher levels of lymphocytes (2458 ± 1940
vs. 1971 ± 1453/µL, p < 0.001) than the surviving patients. However, monocyte and neutrophil levels
were not significantly different between the death and survivor groups. Moreover, dead patients had
a significantly lower PLR than survivors (124.3 ± 110.3 vs. 150.6 ± 106.5, p < 0.001). However, there
was no significant difference in MLR or NLR between the dead patients and the survivors. Multivari-
ate logistic regression revealed that male gender, old age, pre-existing hypertension, coronary artery
disease and end-stage renal disease, lower Glasgow Coma Scale (GCS), higher Injury Severity Score
(ISS), higher level of lymphocytes and lower level of red blood cells and platelets, longer activated
partial thromboplastin time (aPTT), and lower level of PLR were independent risk factors associated
with higher odds of trauma patient mortality outcome in the ICU. Conclusion: This study revealed
that a higher lymphocyte count, lower platelet count, and a lower PLR were associated with higher
risk of death in ICU trauma patients.

Keywords: white blood cell; monocyte-to-lymphocyte ratio; neutrophil-to-lymphocyte ratio; platelet-
to-lymphocyte ratio; intensive care unit

1. Introduction

Complete blood count (CBC) is one of the most frequent examinations to provide
information on hemogram distribution in trauma patients. In addition to red blood cells
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(RBCs), white blood cells (WBCs), platelets, and information on WBC subtypes can be
obtained. Several articles have reviewed WBC subtypes and distribution that could re-
flect patient immune-inflammatory status. The initial WBC count could be a predictor
of subsequent bloodstream infection in burn patients [1]. Furthermore, the derived ra-
tio of platelets and WBC subtypes are readily available parameters that might predict
outcome [2–6]. For example, the monocyte-to-lymphocyte ratio (MLR) in osteoporosis
patients [7], the neutrophil-to-lymphocyte ratio (NLR) and the platelet-to-lymphocyte ratio
(PLR) in oncology patients [8–10], and the NLR in fracture patients [11] were also reported
to be novel predictors of mortality in these specific patient populations.

The immune-inflammatory response has contributed to outcome determination in
critically ill patients [12,13]. Coagulopathy induced by major trauma may affect around
one-third of trauma patients [14]. Of trauma patients with critical injury, 45.5% of patients
had below-normal platelet response to at least one agonist (“platelet hypofunction”) at
admission, and 91.1% had platelet hypofunction during their stay in the intensive care unit
(ICU) [15]. The development of trauma-induced coagulopathy would lead to secondary
bleeding from a widespread microvascular hemorrhage that was not localized to the site
of injury [14]. Many studies have demonstrated that severe trauma may also result in
remarkable blood loss and lead to platelet consumption [16–18]. Further, lymphocyte
levels are related to multiple organ dysfunction syndromes in patients with traumatic
injuries [19]. In addition to the number of lymphocytes, the number of the other two types
of immune cells (neutrophils and monocytes) can also reflect not only the immune status
of patients but also the hematopoietic function of the bone marrow [20]. Both of conditions
may impact patient outcome following major trauma. The change of platelet levels and
those of the above WBC subtypes would lead to a change of the MLR, NLR, and PLR in
trauma patients. Since injuries generally occur accidentally and acutely and since trauma
patients are a specific population, it is interesting to determine whether the platelets and
the subtypes of the WBC or MLR, NLR, and PLR have been associated with the prognosis
of critically injured trauma patients. Therefore, this study aimed to identify the association
of platelets and white blood cell subtypes with trauma patient mortality outcome in the
intensive care unit.

2. Materials and Methods
2.1. Study Population

This study was approved (approval numbers: 201901582B0 and 202000689B0) by the
Institutional Review Board (IRB) of Chang Gung Memorial Hospital, a level I trauma
center in southern Taiwan. The requirement for informed consent was waived by the
IRB because of the retrospective design of the study. Detailed information on the trauma
patients admitted to the ICU, prospectively registered in the Trauma Registry System of
the hospital from 1 January 2009 to 31 December 2019, was retrospectively retrieved for
analysis. Among the 39,135 enrolled trauma patients during this time period, 34,216 of them
were adults, and 5018 adult patients were admitted to the ICU. After excluding patients
with burn injuries (n = 320) and those with incomplete data (n = 1844), 2854 patients were
enrolled in the study (Figure 1). Data, including sex, age, comorbidities (cerebrovascular
accident (CVA), hypertension (HTN), coronary artery disease (CAD]), congestive heart
failure (CHF), diabetes mellitus (DM), and end-stage renal disease (ESRD)), Glasgow Coma
Scale (GCS) score, Injury Severity Score (ISS), and in-hospital mortality were retrieved from
the Trauma Registry System of the hospital [21–23]. The levels of monocytes, neutrophils,
lymphocytes, platelets, prothrombin time (PT), activated partial thromboplastin time
(aPTT), international normalized ratio (INR), aspartate aminotransferase (AST), alanine
aminotransferase (ALT), blood urea nitrogen (BUN), and creatinine (Cr) detected and
recorded upon patient arrival to the emergency room were recorded, and the MLR, NLR,
and PLR were calculated accordingly.
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2.2. Statistical Analysis

Statistical analysis was performed using the IBM SPSS Statistics 23 software (IBM,
corporation, Armonk, NY, USA). The patients were classified into two groups: the sur-
vivors group (n = 2524) and the death group (n = 330). Continuous data are expressed
as mean ± standard deviation while presenting the GCS and ISS as the median and the
interquartile range (IQR, Q1–Q3), respectively. Continuous variables were estimated using
Levene’s test for homogeneity of variance and analyzed using one-way analysis of vari-
ance with a Games–Howell post hoc test. Categorical variables were analyzed using the
chi-square test for the odds ratio and a 95% confidence interval (CI). Multivariate logistic
regression analysis was applied to identify the independent effects of univariate predic-
tive variables on mortality in adult trauma patients in the ICU. Based on the identified
mortality independent risk factors, a receiver operating characteristic (ROC) curve was
applied to plot the relationship between the sensitivity and the 1-specificity. Addionally,
the area under the curve (AUC) was calculated to judge the discrimination of the ROC
curve. Statistical significance was set at p < 0.05.

3. Results
3.1. Patient Demographics

As shown in Table 1, among the 2854 adult trauma patients in the ICU, males had
significantly higher mortality rates than females (69.4% vs 30.6%, p = 0.031). The elderly
and those with the comorbidities of HTN (44.5% vs. 34.6%, p < 0.001), CAD (13.3% vs. 6.6%,
p < 0.001), and ESRD (9.7% vs. 2.2%, p < 0.001) had a higher risk of mortality outcome. A
significantly lower GCS score (median (IQR): 5 [3–12] vs. 15 [11–15], p < 0.001) and higher
ISS (median (IQR): 25 [25–29] vs. 17 [16–24], p < 0.001) were observed in the death group
than in the survivors group. Under stratification by ISS, significantly fewer dead patients
had an ISS of 1–15 and 16–24, and more dead patients had an ISS ≥ 25 than the survivors.
Dead patients had a significantly lower level of RBCs (3.9 ± 0.9 vs. 4.3 ± 0.8 millions/µL,
p < 0.001) and lower platelet counts (175,842 ± 61,713 vs. 206,890 ± 69,006 /µL, p < 0.001)
but higher lymphocytes levels (2458 ± 1940 vs. 1971 ± 1453 /µL, p < 0.001) than the
survivors. However, monocyte and neutrophil levels were not significantly different
between the death and survivor groups. Furthermore, PLR, but not MLR and NLR, was
significantly different between the dead patients and the survivors. Dead patients had
a significantly lower PLR than the survivors (124.3 ± 110.3 vs. 150.6 ± 106.5, p < 0.001).
In addition, the dead patients had significantly higher PT, aPTT, INR, BUN, and Cr than
the survivors. However, there was no difference in liver function levels presenting with
AST and ALT between the dead and surviving patients. Dead patients had a significantly
longer length of hospital stay than the survivors (11.1 days vs. 7.7 days, p < 0.001).
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Table 1. General characteristic and injury severity of the dead and surviving patients.

Variables Death
n = 330

Survival
n = 2524 OR (95% CI) p

Sex 0.031
Male, n (%) 229 (69.4) 1599 (63.4) 1.31 (1.02–1.68)
Female, n (%) 101 (30.6) 925 (36.6) 0.76 (0.60–0.98)
Age (years) 63.3 ±18.4 56.6 ±19.2 — <0.001

Comorbidities
CVA, n (%) 20 (6.1) 134 (5.3) 1.15 (0.71–1.87) 0.570
HTN, n (%) 147 (44.5) 873 (34.6) 1.52 (1.21–1.92) <0.001
CAD, n (%) 44 (13.3) 166 (6.6) 2.19 (1.53–3.11) <0.001
CHF, n (%) 3 (0.9) 13 (0.5) 1.77 (0.50–6.25) 0.367
DM, n (%) 72 (21.8) 479 (19.0) 1.19 (0.90–1.58) 0.219
ESRD, n (%) 32 (9.7) 55 (2.2) 4.82 (3.07–7.58) <0.001

GCS, median (IQR) 5 (3–12) 15 (11–15) — <0.001
3–8, n (%) 222 (67.3) 468 (18.5) 9.03 (7.03–11.61) <0.001
9–12, n (%) 26 (7.9) 319 (12.6) 0.59 (0.39–0.90) 0.013
13–15, n (%) 82 (24.8) 1737 (68.8) 0.15 (0.12–0.20) <0.001

ISS, median (IQR) 25 (25–29) 17 (16–24) — <0.001
1–15, n (%) 22 (6.7) 509 (20.2) 0.28 (0.18–0.44) <0.001
16–24, n (%) 58 (17.6) 1426 (56.5) 0.16 (0.12–0.22) <0.001
≥25, n (%) 250 (75.8) 589 (23.3) 10.27 (7.85–13.42) <0.001

RBCs (millions/µL) 3.9 ±0.9 4.3 ±0.8 <0.001
Monocytes (count/µL) 631 ±450 626 ±415 — 0.834
Neutrophils (count/µL) 9725 ±5550 10,198 ±53,932 — 0.136
Platelets (count/µL) 175,842 ±61,713 206,890 ±69,006 — <0.001
Lymphocytes (count/µL) 2458 ±1940 1971 ±1453 — <0.001
MLR 0.4 ±0.5 0.5 ±0.5 — 0.605
NLR 7.6 ±8.5 8.2 ±7.8 — 0.211
PLR 124.3 ±110.3 150.6 ±106.5 — <0.001
PT (s) 13.3 ±6.3 11.2 ±3.1 — <0.001
aPTT (s) 33.0 ±13.5 26.9 ±4.8 — <0.001
INR 1.3 ±0.6 1.1 ±0.2 — <0.001
AST (U/L) 87.8 ±152.2 79.8 ±170.6 — 0.418
ALT (U/L) 50.3 ±91.9 53.0 ±93.8 — 0.626
BUN (mg/dL) 22.0 ±18.0 16.4 ±11.2 — <0.001
Cr (mg/dL) 1.9 ±2.3 1.1 ±1.5 — <0.001
Hospital stay (days) 11.1 ±15.2 7.7 ±9.8 <0.001

aPTT, activated partial thromboplastin time; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen;
CAD, coronary artery disease; CHF, congestive heart failure; CI, confidence interval; Cr, creatinine; CVA, cerebral vascular accident;
DM, diabetes mellitus; ESRD, end-stage renal disease; GCS, Glasgow Coma Scale; HTN, hypertension; IQR, interquartile range; INR,
international normalized ratio; ISS, injury severity score; MLR, monocyte to lymphocyte ratio; NLR, neutrophil-to-lymphocyte ratio; OR,
odds ratio; PLR, platelet-to-lymphocyte ratio; PT, prothrombin time.

3.2. Risk Factors for Mortality

Univariate logistic regression analysis (Table 2) showed that the significant risk factors
for mortality in adult trauma patients in the ICU were male gender, old age, pre-existing
HTN, CAD, ESRD, lower GCS, higher ISS, lower levels of RBCs and platelets, a higher level
of lymphocytes, longer bleeing time (PT, aPTT, and INR), and a higher level of BUN, and
Cr. Multivariate logistic regression analysis revealed that old age, pre-existing CAD, ESRD,
lower GCS, higher ISS, a higher level of lymphocytes, a lower level of RBCs and platelet
levels, longer aPTT, and a lower level PLR remained significant independent risk factors
for mortality. Among these variables, ESRD was associated with the highest odds (OR, 3.12;
95% CI, 1.32–7.37; p = 0.010) of mortality risk, followed by CAD (OR, 1.73; 95% CI, 1.09–2.75;
p = 0.020). In addition, there were significantly higher odds of mortality risk for lymphocyte
and platelet levels (lymphocytes: OR, 1.31; 95% CI, 1.16–1.48; p < 0.001; platelets: OR, 0.54;
95% CI, 0.41–0.67; p < 0.001), RBC (OR, 0.80; 95% CI, 0.66–0.98; p = 0.032), PLR (OR, 0.98;
95% CI, 0.98–0.99; p = 0.024), and aPTT (OR, 1.06; 95% CI, 1.03–1.09; p < 0.001).
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Table 2. Univariate and multivariate logistic regression analysis of the independent risk factors for
mortality outcome.

Variables
Univariate Analysis Multivariate Analysis

p
OR (95%CI) p OR (95% CI)

Male 1.31 (1.02–1.68) 0.032 1.45 (1.05–2.01) 0.024
Age 1.02 (1.01–1.03) <0.001 1.03 (1.02–1.04) <0.001
HTN 1.52 (1.21–1.92) <0.001 1.11 (0.80–1.54) 0.538
CAD 2.19 (1.53–3.11) <0.001 1.73 (1.09–2.75) 0.020
ESRD 4.82 (3.07–7.58) <0.001 3.12 (1.32–7.37) 0.010
GCS 0.77 (0.75–0.79) <0.001 0.79 (0.76–0.82) <0.001
ISS 1.11 (1.09–1.13) <0.001 1.06 (1.04–1.08) <0.001

RBC 0.53 (0.46–0.61) <0.001 0.80 (0.66–0.98) 0.032
Lymphocytes 1.19 (1.12–1.27) <0.001 1.31 (1.16–1.48) <0.001

Platelets 0.48 (0.40–0.58) <0.001 0.54 (0.41–0.67) <0.001
PLR 0.97 (0.96–0.98) <0.001 0.98 (0.98–0.99) 0.024
PT 1.11 (1.08–1.15) <0.001 1.03 (0.98–1.07) 0.235

aPTT 1.11 (1.08–1.13) <0.001 1.06 (1.03–1.09) <0.001
INR 3.92 (2.64–5.81) <0.001 1.09 (0.61–1.95) 0.779
BUN 1.03 (1.02–1.03) <0.001 1.02 (1.00–1.03) 0.054

Cr 1.20 (1.13–1.27) <0.001 1.02 (0.91–1.14) 0.705
aPTT, activated partial thromboplastin time; ALT, alanine aminotransferase; AST, aspartate aminotransferase;
BUN, blood urea nitrogen; CAD, coronary artery disease; CI, confidence interval; Cr, creatinine; ESRD, end-stage
renal disease; GCS, Glasgow Coma Scale; HTN, hypertension; INR, international normalized ratio; ISS, injury
severity score; OR, odds ratio; PLR, platelet-to-lymphocyte ratio; PT, prothrombin time.

3.3. Prediction for Mortality

Furthermore, an ROC was applied to predict mortality outcomes (Figure 2). The
values applied for mortality prediction were determined by a regression calculation using
the value of −5.680 + 0.424 × Male (yes or no) + 0.039 × Age + 0.597 × CAD (yes or no) +
1.924 × ESRD (yes or no) + −0.243 × GCS + 0.065 × ISS + 0.066 × aPTT + 0.880 × PLR.
With the best cutoff point set at 0.130, the AUC was 0.89, and the accuracy, sensitivity, and
specificity were 83.3%, 79.7%, and 83.8%, respectively.
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gow Coma Scale (GCS), Injury Severity Score (ISS), activated partial thromboplastin time (aPTT), and
platelet-to-lymphocyte ratio (PLR) to predict mortality for adult trauma patients with critical illness.

4. Discussion

This study identified that a decreased PLR, which was accompanied by a lower
level of platelets but a higher level of lymphocytes, was associated with higher odds
of ICU trauma patient mortality outcome. This marker was explored in addition to the
conventional risk factors for mortality, such as male gender, old age, pre-existing HTN,
CAD and ESRD, lower GCS, higher ISS, lower RBC level, and elevated aPTT. A study of the
early WBC mobilization response during blood loss revealed that a relative leucocytosis
was elicited by the central hypovolemia [24]. Therefore, a higher level of lymphocytes in
non-survivors may also be recognized as an indicator of hypovolemia, implying the early
and intensive fluid supplementation at the accident place is essential for the survival of
severely injured patients. In addition, our interpretation that elevated lymphocyte level
indicates hypovolemia is supported by the observation that this effect was accompanied
by a decrease in RBC levels. It should be noted that hypovolemia leads to a drop in arterial
blood pressure. To limit this effect, the total peripheral resistance in organ circulation is
increased. In the case of the heart and brain, local blood flow regulation is dominant, and
therefore, disturbances in the blood flow through these organs are limited. However, there
is a drastic decrease in blood flow through the kidneys and gastrointestinal tract. The
digestive system and kidneys are especially sensitive to a reduction in organ blood flow
and hypoxia. Previous experimental studies showed that exposure of gastric mucosa to
potentially noxious factors resulted in limited damage, as long as adequate blood flow
is maintained [25]. Damage to the gastric mucosa is associated with a decrease in blood
flow through the gastric mucosa [26], whereas the protection and healing of gastric mucosa
is associated with an increase in gastric blood flow [27–29]. A similar effect of blood
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flow organ integrity was observed in other organs of the digestive system such as the
duodenum [30], colon [31], liver [31] and pancreas [32]. Disturbances to pancreatic blood
flow and pancreatic ischemia play an essential role in the development of acute pancreatitis
in different clinical settings [33], including hypovolemic shock [34]. In addition, small
bowel hypoxia leads to gut barrier failure associated with bacterial translocation, systemic
inflammation, and the development of multiple organ dysfunction syndrome [35]. In
the kidney, trauma and hypovolemia lead to acute kidney injury (AKI) [36,37].The high
incidence of AKI in trauma patients should lead to early identification of those at risk
of AKI to establish a resuscitation strategy that aims at preventing AKI. Assessment of
neutrophil gelatinase-associated lipocalin [38] and angiopoietin-2 [39,40] seems to be useful
in early the detection of AKI in addition to the classic biochemical markers such as a
decrease in diuresis and glomerular filtration rate and an increase in serum creatinine [41].
This study revealed that critically ill patients who did not survive had a significantly higher
lymphocyte counts than the survivors. The lymphocyte level may increase in leukemia,
lymphoma, and viral infections. Neither of these situations is involved in critically injuries,
especially immediately following injuries. For this reason, the increase in lymphocyte
counts in non-survivors probably is not a true but is instead a spurious increase due to a
decrease in body fluid volume and plasma volume as an effect of blood loss resulting from
trauma. Therefore, a higher level of lymphocytes in non-survivors should be recognized
as an indicator of hypovolemia. This observation proves that early and intensive fluid
supplementation at the accident location is essential for the survival of severely injured
patients, and this management should be continued after the patients arrive at the hospital.
Correct hypovolemia helps to maintain normal arterial blood pressure and organ blood
flow, which prevents multi-organ injury and reduces the risk of death.

Furthermore, lymphocyte levels are related to multiple organ dysfunction syndromes
in patients with traumatic injury [19,20]. Many studies have also demonstrated that severe
injury results in the disruption of the coagulation system or coagulopathy in a significant
number of patients [16–18,42]. The observed increase in PT, aPTT, and INR in dead patients
should be recognized as a sign of consumptive coagulopathy. Moreover, severe trauma
may also result in remarkable blood loss and may lead to platelet consumption [16–18].
Therefore, it was not surprising to find a higher level of lymphocytes, a lower level of
platelets, and a deduced lower PLR were associated with a higher risk of death in trauma
patients with critical illness in this study. In the trauma patients admitted to the ICU, it
has been well-recognized that the presence of acute kidney injury was associated with the
increased mortality of the patients [43]. Therefore, in this study it is not surprising to find
a significant increase in the serum level of BUN and Cr, the markers of kidney injury, in
the dead patients than in the survivors. Notably, this study also revealed that, among the
independent variables associated with risk for mortality, ESRD was associated with the
highest odds of mortality risk.

However, some studies have reported different findings in trauma patients. In this
study, no association was found between NLR and mortality outcome, while Wang et al.
reported that the NLR is a useful biomarker for predicting isolated tibial plateau fracture
severity in young and middle-aged adults [44]. Furthermore, NLR was also an independent
predictor of mortality in ICU patients after major cardiac and vascular cancer surgical
procedures [45,46]. It was reported that NLR is a very good independent predictor of lethal
outcome in critically ill patients in the ICU, while the nature of the bacteremia influenced
MLR and PLR [47]. We believe that the difference between this study’s results and the
other studies was attributed to the time blood drawing for further analysis and the study
patient population. In this study, the analyzed blood was drawn at the time of arrival at
the emergency room but not during hospitalization or after a major operation; therefore,
the time to incur a change in the neutrophils or monocytes in the circulation may not be
sufficient. In addition, the study population included trauma patients with critical illness
admitted to the ICU, but not patients with trauma injury to a specific body region; therefore,
the platelet consumption following blood loss may be more dominant in the patients in this
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study. Since the lower levels of platelets and PLR were associated with the higher mortality
of the patients with major trauma, the rapid attainment of high platelets/packed RBC
ratio after the injury may be associated with significantly lower mortality for these trauma
patients [48,49], albeit the optimal ratio of platelets to packed RBC in trauma patients
requiring massive transfusion is still controversial.

Among various prediction models for the mortality outcomes of trauma patients, the
trauma and injury severity score (TRISS) remains the most commonly used algorithm [50–54].
The TRISS calculator determines the probability of survival with age as a confounding
variable, ISS (an anatomical variable), Revised Trauma Score (RTS, a physiological variable,
a weighted summation of the coded variable values of the patient’s initial GCS score,
systolic blood pressure (SBP), and respiratory rate (RR) [8]), and the use of different
coefficients for blunt and penetrating injuries [55]. In this study, the inclusion of PLR in
the algorithm for predicting mortality found 0.89 AUC with the accuracy, sensitivity, and
specificity of 83.3%, 79.7%, and 83.8%, respectively. This predictive estimate is compatible
with the TRISS calculated for trauma patients in the ICU (AUC = 0.88) [54], but less than
that calculated for trauma patients (AUC = 0.93) [53]. Notably, the TRISS was originally
developed for trauma patients but not for trauma patients in the ICU. The inclusion of PLR
in the algorithm for mortality prediction in the study presents a predictive performance
similar to that of the TRISS and including physiological change in the predictive algorithm.

This study had some limitations. First, selection bias may exist in the retrospective
design of the study, especially after excluding incomplete data. Second, the data of patients
who died upon arrival to our ER were not recorded, and only in-hospital mortality, but not
long-term mortality, was evaluated. Third, the platelets and WBC subtypes may fluctuate
dynamically during the treatment course and may interfere with resuscitation procedures.
Although blood was drawn upon patient arrival to the emergency room in this study, blood
transfusion was less likely to occur. However, the fluid challenge did not adhere to the
specific protocol, and the amount of infused fluid was unknown, which may have led to a
bias in the outcome measurement. Further, the final cause of mortality was not registered
in the trauma data, thus precluding further analysis. Finally, the population in this study
was limited to a single urban trauma center, and the results may not be generalizable to
other regions.

5. Conclusions

This study revealed that a higher level of lymphocytes, a lower level of platelets, and
a lower PLR were associated with higher risk of death in trauma patients in the ICU.
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Abbreviations

ALT alanine aminotransferase
Aptt activated partial thromboplastin time
AST aspartate aminotransferase
BUN blood urea nitrogen
CAD coronary artery disease
CBC complete blood count
CHF congestive heart failure
CI confidence interval
Cr creatinine
CVA cerebrovascular accident
DM diabetes mellitus
ESRD end-stage renal disease
GCS Glasgow Coma Scale
HTN hypertension
ICU intensive care unit
INR international normalized ratio
IQR interquartile range
ISS Injury Severity Score
MLR monocyte-to-lymphocyte ratio
NLR neutrophil-to-lymphocyte ratio
PLR platelet-to-lymphocyte ratio
PT prothrombin time
RBCs red blood cells
WBCs white blood cells
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Original Article

Background: The geriatric nutritional risk index (GNRI) calculated as 1.489 × albumin (g/dL) +41.7× (current 
body weight/ideal body weight) is useful in identifying high‑risk for malnutrition in elderly patients with 
subacute or chronic diseases. Given that trauma patients have sustained injuries in an acute condition, 
this study is designed to explore the association between GNRI on admission and outcomes in elderly and 
young adult patients with trauma.
Methods: From January 01, 2009, to December 31, 2019, a total of 1772 elderly and 2194 young adult trauma 
patients were categorized into four nutritional risk groups according to GNRI: high‑risk group (GNRI <82), 
moderate‑risk group (GNRI 82 to <92), low‑risk group (GNRI 92–98), and no‑risk group (GNRI >98). 
Propensity score‑matched patient cohorts were created in different nutritional risk groups against the no‑risk 
group to minimize the confounding effects of sex, age, pre‑existing comorbidities, Glasgow Coma Scale 
score, and Injury Severity Score on outcome measurements. Primary outcome was in‑hospital mortality, 
and secondary outcome was the length of hospital stay.
Results: Young adult patients with trauma were comparable in pattern of mortality outcomes and hospital 
stays to that in elderly patients. Analysis of the selected propensity score‑matched patient cohorts 
revealed that both elderly and young adult patients in the high‑risk group had significantly higher odds of 
mortality (elderly, odds ratio [OR], 6.5; 95% confidence interval [CI], 3.00‑14.03; P < 0.009; young adult, 
OR, 2.7; 95% CI, 1.45‑5.11; P = 0.001) and longer hospital stay (elderly, 21.5 days vs. 12.4 days, respectively, 
P < 0.001; young adults, 22.5 days vs. 14.1 days, respectively, P < 0.001) than those of the no‑risk group.
Conclusions: This study demonstrated that the GNRI could serve as a useful screening method to identify 
high‑risk malnutrition in acutely injured trauma patients, including not only the elderly trauma patients 
but also the young adult trauma patients.

Keywords: Elderly, geriatric nutritional risk index, mortality, nutritional status, trauma, young adults
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INTRODUCTION

In hospitalized patients, malnutrition is commonly associated 
with an increased risk of  complications, a longer hospital 
stay, and a higher mortality rate.[1,2] It has been estimated that, 
depending on the assessment tool for nutritional status and the 
study population, the prevalence of  malnutrition in severely 
injured patients ranges from 7% to 76%.[3] Even though there 
are various nutrition screening and assessment tools for the 
clinical setting, there is no recommended gold standard for 
nutritional assessment.[1] Consideration of  nutritional status 
has been particularly important for elderly patients. Therefore, 
the population selected is often aged and institutionalized[4] or 
in a nursing home,[5,6] and may not represent the hospitalized 
trauma patients admitted for acute care.

In 2005, the geriatric nutritional risk index (GNRI) was 
introduced by Bouillanne et al. to assess the nutritional 
status of  elderly patients admitted to a rehabilitation unit.[7] 
The GNRI was calculated as follows: (1.489× albumin 
[g/dL] +41.7× [current body weight/ideal body weight]). 
If  the ratio of  the current body weight/ideal body weight 
is >1, then the value input into the equation was set as 1.[7] 
As proposed by Bouillanne et al., patients were assigned 
into four groups: high‑risk, moderate‑risk, low‑risk, and 
no‑risk groups according to GNRI values of  <82, 82 
to <92, 92–98, and > 98. Report showed that in the high‑, 
moderate‑, and low‑risk groups, the risks of  infectious 
complications and mortality were significantly higher than 
those in the no‑risk group.[7] A strong correlation had been 
validated for GNRI with handgrip strength, mid‑upper arm 
muscle circumference, and arm muscle area of  hospitalized 
patients.[8] The GNRI could also predict the preoperative 
sarcopenia status of  cancer patients[9] and correlated 
well with other nutritional scoring tools.[10,11] GNRI 
showed a higher prognostic value for predicting mortality 
than albumin level alone and was reported in a 3‑year 
observational study.[12] This was because the serum albumin 
level can be altered by inflammation and hydration status 
and modified by impaired hepatic or renal functions.[11] 
Although the GNRI was first developed to evaluate the 
6‑month mid‑term nutritional outcomes of  elderly patients 
in rehabilitation units,[7] it had been successfully applied 
to various medical conditions, including heart failure,[13] 
chronic obstructive pulmonary disease,[14] sepsis,[15] chronic 
renal disease,[16] and certain cancers.[17,18] The GNRI was also 
useful for assessing long‑term postoperative outcomes.[19‑23]

The GNRI is proposed to be a simple and objective method 
to evaluate the nutrition‑related risk of  morbidity and 
mortality in hospitalized elderly patients.[24,25] However, no 
study has evaluated GNRI as a screening method in acutely 

injured trauma patients, specifically, whether GNRI is 
suitable for the young adult population, a major population 
of  trauma patients. Therefore, this study aims to investigate 
whether GNRI on admission correlates with the outcomes 
of  elderly and young adult trauma patients.

METHODS

Study population
The study was approved, with the approval number 
202100201B0, by the Institutional Review Board (IRB) of  
the Chang Gung Memorial Hospital (initiating the study). 
Due to the retrospective design, the requirement for 
informed consent in this study was waived according to 
the IRB regulations. From January 01, 2009, to December 
31, 2019, a total of  34,216 patients aged ≥20 years were 
in the Trauma Registry System [Figure 1]. After exclusion 
of  those patients who had burns (n = 909), lacked albumin 
data (n = 29,156), and had incomplete data (n = 185), 
3,966 trauma patients were enrolled into the study and 
were further categorized into two groups: Young adult 
patients (age ≥20 but <65 years, n = 2,194) and elderly 
patients (age ≥65 years, n = 1772). Both the young adult 
and elderly patients were subsequently assigned into 
four nutritional risk groups (high‑risk group [Group 1], 
GNRI <82; moderate‑risk group [Group 2], GNRI 82 
to <92; low‑risk group [Group 3], GNRI 92–98; and 
no‑risk group [Group 4], GNRI >98) according to the 
original publication by Bouillanne et al.[7]

Data collection
The patients’ medical information was collected from 
the Trauma Registry System database,[26‑28] including sex, 
age, body mass index (BMI), serum albumin levels (g/dL) 
upon admission, preexisting comorbidities, Glasgow 
Coma Scale (GCS) score, Injury Severity Score (ISS), 
in‑hospital mortality, and hospital stay (days). The recorded 
preexisting comorbidities included diabetes mellitus (DM), 
hypertension, cerebrovascular accident, congestive heart 
failure, coronary artery disease, and end‑stage renal disease. 
ISS, which represented the injury severity of  the patients, 
was calculated according to the sum of  the squares of  the 
three highest Abbreviated Injury Scale scores in different 
injured body regions of  trauma patients.[29,30]

Statistical analyses
All statistical analyses were performed using IBM SPSS 
Statistics for Windows (version 23.0; IBM Corp., Armonk, 
NY, USA). Categorical data were compared using Pearson’s 
Chi‑square test or two‑sided Fisher’s exact test with 
ORs and 95% CIs. The homogeneity of  variance of  
the continuous variables was estimated using Levene’s 
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test. Analysis of  variance was used with Bonferroni 
post hoc correction to analyze continuous data with a normal 
distribution. Continuous data with non‑normaldistribution 
were analyzed using the Mann–Whitney U test. The results 
are expressed as mean ± standard deviation or median with 
interquartile range (Q1–Q3). In this study, the in‑hospital 
mortality and hospital stay of  patients were defined as 
the primary and secondary outcomes, respectively. To 
minimize the confounding effects of  sex, age, pre‑existing 
comorbidities, GCS score, and ISS of  patients on outcome 
measurements, 1:1 propensity score‑matched patient 
cohorts of  high‑, moderate‑, and low‑risk groups against 
the no‑risk group of  elderly and young adult patients were 
created using the NCSS 10 software (NCSS statistical 
software, Kaysville, UT, USA). The propensity score was 
calculated using the greedy method with a 0.2‑caliper width. 
These matched patient cohorts were used to assess the 
outcomes of  elderly and young adult patients in different 
nutritional risk groups compared to the no‑risk group. 
Statistical significance was set at P < 0.05.

RESULTS

Patient and injury characteristics of elderly trauma 
patients
In the elderly patients, there was no significant 
difference in the gender predominance and pre‑existing 
comorbidities among these groups with different risks for 
malnutrition [Table 1]. Patients in the high‑, moderate‑, 
and low‑risk groups were significantly older and had a 
significantly lower BMI and albumin level than those 
in the no‑risk group. Compared to the no‑risk group, 

GCS scores were significantly lower in the high‑risk and 
moderate‑risk groups but not in the low‑risk group. The ISS 
was significantly higher in the high‑risk, moderate‑risk, and 
low‑risk groups than in the no‑risk group. When stratified 
by ISS (1–15, 16–24, or ≥25), there were significantly 
fewer patients with an ISS of  1–15 in the high‑, moderate‑, 
and low‑risk groups than in the no‑risk group, but more 
patients had an ISS of  16‑24 in the low‑risk group and an 
ISS ≥25 in the high‑and moderate‑risk groups than in the 
no‑risk group. Patients in the high‑risk group (19.8%) and 
moderate‑risk groups (9.9%) had a significantly higher 
mortality rate than patients in the no‑risk group (3.9%), 
excluding the low‑risk group (6.3%). Patients in groups of  
various risks had a significantly longer hospital stay than 
those in the no‑risk group.

Patient and injury characteristics of young adult trauma 
patients
There was no significant difference in sex predominance 
and age among the groups with different risks for 
malnutrition in young adult trauma patients [Table 2]. 
Patients in groups of  various risks had significantly lower 
BMI and albumin levels than those in the no‑risk group. 
Regarding pre‑existing comorbidities, there were fewer 
patients in the moderate‑risk group with hypertension 
than in the no‑risk group. There were fewer patients in 
the high‑risk group, but more patients in the low‑risk 
group had DM than in the no‑risk group. There were 
significantly lower GCS scores in patients of  groups 
of  various risks than those in the no‑risk group. There 
was a significantly higher ISS in patients of  groups of  
various risks than in the no‑risk group. When stratified 

Figure 1: Illustration of the flowchart with the inclusion and allocation of elderly and young adult patients into four groups with various nutritional 
risks according to the value of geriatric nutritional risk index
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by ISS (1–15, 16–24, or ≥25), significantly fewer patients 
had an ISS of  1–15, but more patients had an ISS of  
16–24 and ≥25 in groups of  various risks than those in 
the no‑risk group. Patients in the high‑risk group (18.1%) 
and moderate‑risk group (6.3%), but not in the low‑risk 
group (4.2%), had a significantly higher mortality rate 

than patients in the no‑risk group (2.5%). Patients in 
groups of  various risks had a significantly longer hospital 
stay than those in the no‑risk group. The pattern of  
patient and injury characteristics and the outcomes of  
young adult patients were similar to those of  elderly 
patients.

Table 1: Patient and injury characteristics of the elderly trauma patients with various risks of malnutrition
Variables Group 1 (n=399) Group 2 (n=595) Group 3 (n=367) Group 4 (n=411) P

Gender, n (%)
Male 196 (49.1) 280 (47.1) 201 (54.8) 188 (45.7) 0.057
Female 203 (50.9) 315 (52.9) 166 (45.2) 223 (54.3)

Age (years) 79.0±7.8* 77.6±7.7* 76.7±6.9* 74.5±6.8 <0.001
BMI 21.9±4.9* 23.3±4.1* 24.0±3.8* 24.9±3.4 <0.001
Albumin (g/dL) 2.5±0.5* 3.1±0.3* 3.8±0.4* 4.1±0.3 <0.001
Comorbidities

CVA 36 (9.0) 69 (11.6) 52 (14.2) 43 (10.5) 0.143
HTN 220 (55.1) 373 (62.7) 220 (59.9) 256 (62.3) 0.087
CAD 45 (11.3) 81 (13.6) 53 (14.4) 52 (12.7) 0.582
CHF 13 (3.3) 25 (4.2)* 11 (3.0) 5 (1.2) 0.060
DM 112 (28.1) 191 (32.1) 117 (31.9) 144 (35.0) 0.206
ESRD 17 (4.3) 37 (6.2) 20 (5.4) 19 (4.6) 0.520

GCS, median (IQR) 15 (13–15)* 15 (13–15)* 15 (15–15) 15 (15–15) <0.001
3–8 53 (13.3)* 71 (11.9)* 29 (7.9) 25 (6.1) 0.001
9–12 31 (7.8) 56 (9.4)* 19 (5.2) 13 (3.2) 0.001
13–15 315 (78.9)* 468 (78.7)* 319 (86.9) 373 (90.8) <0.001

ISS, median (IQR) 9 (9–18)* 9 (9–16)* 9 (9–16)* 9 (9–14) <0.001
1–15 251 (62.9)* 377 (63.4)* 234 (63.8)* 309 (75.2) <0.001
16–24 78 (19.9) 124 (21.3) 96 (26.5)* 66 (16.3) 0.006
≥25 70 (17.5)* 94 (15.8)* 37 (10.1) 36 (8.8) <0.001

Mortality, n (%) 79 (19.8)* 59 (9.9)* 23 (6.3) 16 (3.9) <0.001
Hospital stay (days) 22.8±19.4* 19.9±16.4* 16.1±14.5* 11.7±12.8 <0.001

BMI: Body mass index, CAD: Coronary artery disease, CHF: Congestive heart failure, CI: Confidence interval, CVA: Cerebral vascular 
accident, DM: Diabetes mellitus, ESRD: End‑stage renal disease, GCS: Glasgow Coma Scale, HTN: Hypertension, IQR: Interquartile range, 
ISS: injury Severity score. *indicate p < 0.05

Table 2: Patient and injury characteristics of the young adult trauma patients with various risks of malnutrition
Variables Group 1 (n=399) Group 2 (n=595) Group 3 (n=367) Group 4 (n=411) P

Gender, n (%)
Male 222 (71.6) 411 (66.5) 293 (68.1) 564 (67.5) 0.458
Female 88 (28.4) 207 (33.5) 137 (31.9) 272 (32.5)

Age (years) 46.1±13.3 45.1±13.4 45.2±13.8 44.0±13.6 0.075
BMI 23.9±5.5* 24.4±4.7* 24.5±4.5* 25.3±4.5 <0.001
Albumin (g/dL) 2.4±0.5* 3.1±0.3* 3.8±0.4* 4.2±0.4 <0.001
Comorbidities

CVA 3 (1.0) 10 (1.6) 11 (2.6) 19 (2.3) 0.363
HTN 63 (20.3) 103 (16.7)* 111 (25.8) 169 (20.2) 0.004
CAD 9 (2.9) 6 (1.0) 12 (2.8) 17 (2.0) 0.112
CHF 2 (0.6) 3 (0.5) 2 (0.5) 3 (0.4) 0.934
DM 51 (1.65)* 79 (12.8) 66 (15.3)* 82 (9.8) 0.005
ESRD 13 (4.2) 17 (2.8) 23 (5.3) 24 (2.9) 0.079

GCS, median (IQR) 15 (7–15)* 15 (10–15)* 15 (10–15)* 15 (15–15) <0.001
3–8 86 (27.7)* 136 (22.0)* 88 (20.5)* 85 (10.2) <0.001
9–12 37 (11.9)* 71 (11.5)* 46 (10.7) 55 (6.6) 0.003
13–15 187 (60.3)* 411 (66.5)* 296 (68.8)* 696 (83.3) <0.001

ISS, median (IQR) 17 (9–26)* 14 (9–25)* 16 (9–24)* 9 (4–16) <0.001
1–15 119 (38.4)* 230 (37.2)* 205 (47.7)* 576 (68.9) <0.001
16–24 77 (25.8) 207 (35.0)* 126 (30.6)* 177 (21.4) <0.001
≥25 114 (36.8)* 181 (29.3)* 99 (23.0)* 83 (9.9) <0.001

Mortality, n (%) 56 (18.1)* 39 (6.3)* 18 (4.2) 21 (2.5) <0.001
Hospital stay (days) 27.3±21.0* 23.5±16.3* 19.8±17.8* 11.6±11.8 <0.001

BMI: Body mass index, CAD: Coronary artery disease, CHF: Congestive heart failure, CI: Confidence interval, CVA: Cerebral vascular accident, DM: 
Diabetes mellitus, ESRD: End‑stage renal disease, GCS: Glasgow Coma Scale, HTN: Hypertension, IQR: Interquartile range, ISS: injury Severity 
score. *indicate p < 0.05
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Comparison of propensity score‑matched patient 
cohorts
A 1:1 propensity score‑matched patient cohort was 
created separately for patients with different risks against 
those in the no‑risk group to attenuate the confounding 
effects of  the patients’ baseline characteristics on 
outcome measurements. As shown in Table 3, for elderly 
trauma patients in the selected 287 pairs of  propensity 
score‑matched patient populations who did not present 
with significant differences in sex, age, comorbidities, 
GCS score, and ISS [Supplemental Table 1a], the 
high‑risk group patients had significantly higher odds 
of  mortality (OR, 6.5; 95% CI, 3.00–14.03; P < 0.009) 
and longer hospital stay (21.5 days vs. 12.4 days, 
respectively, P < 0.001) than the no‑risk group. In the 
selected 295 and 255 pairs of  well‑balanced matched 
patient populations [Supplemental Table 1b and c], 
the moderate‑risk and low‑risk groups of  patients, 
respectively, did not have significantly different 
odds of  mortality rate than the no‑risk group of  
patients (moderate‑risk vs. no‑risk, OR, 2.1; 95% CI, 
0.87–4.88; P = 0.095; low‑risk vs. no‑risk, OR, 1.2; 95% 
CI, 0.50–3.03; P = 0.648). However, patients in the 
moderate‑and low‑risk groups had a longer hospital stay 
than patients of  the no‑risk group (moderate‑risk vs. 
no‑risk, 18.7 days vs. 11.4 days, respectively, P < 0.001; 
low‑risk vs. no‑risk, 15.0 days vs. 11.7 days, P = 0.007).

For young adult patients, as shown in Table 4, in the selected 
246 well‑balanced pair of  propensity score‑matched patient 
populations [Supplemental Table 2a], the high‑risk group 
had significantly higher odds of  mortality (OR, 2.7; 95% CI, 
1.45‑5.11; P = 0.001) and longer hospital stay (22.5 days vs. 
14.1 days, respectively, P < 0.001) than the no‑risk group of  
patients. In the selected well‑balanced 424 and 350 pairs of  
matched patient populations [Supplemental Table 2b and c], 
moderate‑risk and low‑risk groups of  patients, respectively, 
did not have significantly different odds of  mortality than 
the no‑risk group of  patients (moderate‑risk vs. no‑risk, OR, 
1.0; 95% CI, 0.48‑2.07; P = 1.000; low‑risk vs. no‑risk, OR, 
0.8; 95% CI, 0.33‑1.76; P = 0.525). Patients in moderate‑and 
low‑risk groups had a longer hospital stay than the no‑risk 
group of  patients (moderate‑risk vs. no‑risk, 22.5 days 
vs. 14.1 days, respectively, P < 0.001; low‑risk vs. no‑risk, 
19.0 days vs. 14.2 days, respectively, P = 0.007). The pattern 
of  mortality outcome and hospital stay were similar between 
young adult patients and elderly patients, except that the 
magnitude of  mortality odds was lower in young adult 
patients (OR: 2.7) than in elderly patients (OR: 6.5).

DISCUSSION

This study demonstrated that the GNRI could be served as 
a useful screening method to identify high‑risk malnutrition 
in acutely injured trauma patients. In addition, the GNRI 

Table 3: Comparison of outcomes in the propensity score‑matched patient cohorts of elderly with various risks versus no‑risk 
group of patients

Propensity score‑matched patient cohorts
Group 1 (n=287) Group 4 (n=287) OR (95% CI) P

Mortality, n (%) 45 (15.7) 8 (2.8) 6.5 (3.00–14.03) <0.001
Hospital stay (days) 21.5±18.2 12.4±13.8 ‑ <0.001

Group 2 (n=295) Group 4 (n=295) OR (95% CI) P

Mortality, n (%) 16 (5.4) 8 (2.7) 2.1 (0.87–4.88) 0.095
Hospital stay (days) 18.7±14.9 11.4±12.4 ‑ <0.001

Group 3 (n=255) Group 4 (n=255) OR (95% CI) P

Mortality, n (%) 11 (4.3) 9 (3.5) 1.2 (0.50–3.03) 0.648
Hospital stay (days) 15.0±13.6 11.7±13.5 ‑ 0.007

OR: Odds ratio, CI: Confidence interval

Table 4: Comparison of outcomes in the propensity score‑matched patient cohorts of the young adults with various risks versus 
no‑risk group of patients

Propensity score‑matched patient cohorts
Group 1 (n=246) Group 4 (n=246) OR (95% CI) P

Mortality, n (%) 37 (15.0) 15 (6.1) 2.7 (1.45–5.11) 0.001
Hospital stay (days) 22.5±15.8 14.1±13.4 ‑ <0.001

Group 2 (n=424) Group 4 (n=424) OR (95% CI) P

Mortality, n (%) 15 (3.5) 15 (3.5) 1.0 (0.48–2.07) 1.000
Hospital stay (days) 22.5±15.8 14.1±13.4 ‑ <0.001

Group 3 (n=350) Group 4 (n=350) OR (95% CI) P

Mortality, n (%) 10 (2.9) 13 (3.7) 0.8 (0.33–1.76) 0.525
Hospital stay (days) 19.0±17.9 14.2±14.3 ‑ 0.007

OR: Odds ratio, CI: Confidence interval
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could be used both in the elderly and the young adult 
trauma patients. GNRI has been successfully applied to 
various illnesses, and in trauma, patients receiving emergent 
surgeries[31] with hip fracture,[32,33] polytrauma,[34] and in 
critical care.[35] Therefore, as shown in this study, it is not 
surprising to find that the GNRI could also be applied to 
patients with all trauma causes. As mortality is the terminal 
condition that might be a consequence of  nutrition‑related 
complications,[36,37] the study results demonstrated that the 
GNRI could only identify a higher mortality outcome in 
trauma patients with high‑ or moderate‑risk malnutrition, 
but not in patients with mild‑risk malnutrition. In this 
study, although the low GCS score and ISS of  the patients 
with high‑and moderate‑risk may contribute to a higher 
mortality rate and longer hospital stay than those patients 
in the no‑risk group, the comparison in the selected 
propensity score‑matched populations, which had been 
adjusted by age, sex, comorbidities, GCS, and ISS, also 
revealed that the high‑risk patients still had a higher 
mortality rate than that of  the no‑risk patients. This result 
revealed that low GNRI could be a risk factor for the 
mortality, independent of  the patient characteristics, GCS 
score and ISS of  the trauma patients.

The GNRI is derived from the NRI, calculated based on 
the serum albumin level as well as the current and usual 
body weight.[38] However, half  of  the elderly patients cannot 
remember their usual body weight in the clinical setting, the 
NRI is often difficult to acquire.[39] GNRI, which is based 
only on sex, age, height, weight, and serum albumin levels, 
can be acquired more easily and objectively. Its advantages 
are more prominent than some questionnaires, such as 
the Mini Nutritional Assessment[40] and the subjective 
global assessment,[41] which can be difficult to acquire for 
those patients who have conscious disturbance or under 
intubation. These two scenarios, which lead to difficulties 
in communication, commonly occur in patients with severe 
trauma. Therefore, the use of  GNRI may be helpful to 
screen for malnutrition trauma patients who are at risk 
of  mortality.

Although the GNRI was firstly developed for the geriatric 
patients, the application of  GNRI in young patients 
had been reported by some studies of  peripheral artery 
diseases,[42] pyogenic liver abscess,[43] acute decompensated 
heart failure,[44] chronic hemodialysis[45] and peritoneal 
dialysis,[46] and recipients of  second allogeneic hematopoietic 
stem cell transplantation.[47] This study demonstrated that 
the pattern of  mortality outcome and hospital stay were 
similar between young adult patients and elderly patients, 
except that the magnitude of  mortality odds was lower 
in young adult patients (OR: 2.7 vs. OR: 6.5). Therefore, 

the GNRI can be served as a useful screening method to 
identify high‑risk malnutrition in acutely injured trauma 
patients, regardless the elderly or young patient populations, 
upon their arrival at the emergency room or at the time 
of  admission.

This study has some limitations. First, owing to the 
retrospective design of  this study, selection bias may have 
been present. Second, treatments such as operation or 
resuscitation may lead to a different outcome. However, we 
can only assume that such outcomes of  interventions were 
uniform in analyzing the data. Third, the registered trauma 
database only recorded those with in‑hospital mortality but 
not patients who were dead on arrival at the emergency 
room. Therefore, some selection bias may be encountered 
in analyzing the outcomes. Furthermore, some selection 
bias may exist in the fact that this study excluded many 
patients without albumin level data. However, the lack of  
albumin measurement in many trauma patients also reflects 
that the evaluation of  the nutritional status of  trauma 
patients is frequently ignored. Finally, the population 
included in this study is limited to a single trauma center, 
thus limiting the generalizability of  the results.

CONCLUSIONS

This study demonstrated that GNRI could serve as a 
useful screening method to identify high‑risk malnutrition 
in acutely injured trauma patients, including not only the 
elderly trauma patients but also the young adult trauma 
patients.
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Supplemental Table 1: Propensity score‑matched cohorts of elderly trauma patients at high risk
a) Moderate risk

Variables Propensity score‑matched patient cohorts
Group 1 (n=287) Group 4 (n=287) OR (95% CI) P SD (%)

Male, n (%) 131 (45.6) 131 (45.6) 1.0 (0.72–1.39) 1.000 0.00
CVA, n (%) 18 (6.3) 18 (6.3) 1.0 (0.51–1.96) 1.000 0.00
HTN, n (%) 164 (57.1) 164 (57.1) 1.0 (0.72–1.39) 1.000 0.00
CAD, n (%) 28 (9.8) 28 (9.8) 1.0 (0.58–1.74) 1.000 0.00
CHF, n (%) 1 (0.3) 1 (0.3) 1.0 (0.06–

16.07)
1.000 0.00

DM, n (%) 83 (28.9) 83 (28.9) 1.0 (0.70–1.44) 1.000 0.00
ESRD, n (%) 5 (1.7) 5 (1.7) 1.0 (0.29–3.49) 1.000 0.00
GCS, median (IQR) 15 (15–15) 15 (15–15) ‑ 0.500 −5.64
ISS, median (IQR) 9 (9–16) 9 (9–16) ‑ 0.880 1.27

b) Low risk
Variables Propensity score‑matched patient cohorts

Group 2 (n=295) Group 4 (n=295) OR (95% CI) P SD (%)

Male, n (%) 133 (45.1) 133 (45.1) 1.0 (0.72–1.38) 1.000 0.00
CVA, n (%) 21 (7.1) 21 (7.1) 1.0 (0.53–1.87) 1.000 0.00
HTN,n (%) 183 (62.0) 183 (62.0) 1.0 (0.72–1.40) 1.000 0.00
CAD, n (%) 27 (9.2) 27 (9.2) 1.0 (0.57–1.75) 1.000 0.00
CHF, n (%) 1 (0.3) 1 (0.3) 1.0 (0.06–

16.06)
1.000 0.00

DM, n (%) 96 (32.5) 96 (32.5) 1.0 (0.71–1.41) 1.000 0.00
ESRD, n (%) 6 (2.0) 6 (2.0) 1.0 (0.32–3.14) 1.000 0.00
GCS, median (IQR) 15 (15–15) 15 (15–15) ‑ 0.729 2.86
ISS, median (IQR) 9 (9–13) 9 (9–13) ‑ 0.948 0.54

c) Versus the no‑risk group
Variables Propensity score‑matched patient cohorts

Group 3 (n=255) Group 4 (n=255) OR (95% CI) P SD (%)

Male, n (%) 133 (52.2) 133 (52.2) 1.0 (0.71–1.42) 1.000 0.00
CVA, n (%) 24 (9.4) 24 (9.4) 1.0 (0.55–1.81) 1.000 0.00
HTN, n (%) 155 (60.8) 155 (60.8) 1.0 (0.70–1.43) 1.000 0.00
CAD, n (%) 26 (10.2) 26 (10.2) 1.0 (0.56–1.78) 1.000 0.00
CHF, n (%) 3 (1.2) 3 (1.2) 1.0 (0.20–5.00) 1.000 0.00
DM, n (%) 79 (31.0) 79 (31.0) 1.0 (0.69–1.46) 1.000 0.00
ESRD, n (%) 3 (1.2) 3 (1.2) 1.0 (0.20–5.00) 1.000 0.00
GCS, median (IQR) 15 (15–15) 15 (15–15) ‑ 0.895 −1.17
ISS, median (IQR) 9 (9–16) 9 (9–16) ‑ 0.931 0.77

BMI: Body mass index, CAD: Coronary artery disease, CHF: Congestive heart failure, CI: Confidence interval, CVA: Cerebral vascular accident, 
DM: Diabetes mellitus, ESRD: End‑stage renal disease, HTN: Hypertension, IQR: Interquartile range, ISS: Injury severity score, OR: Odds ratio, 
SD: Standardized difference



Supplemental Table 2: Propensity score‑matched cohorts of young adult trauma patients at high risk
a) Moderate risk

Variables Propensity score‑matched patient cohorts
Group 1 (n=246) Group 4 (n=246) OR (95% CI) P SD (%)

Male, n (%) 184 (74.8) 187 (74.8) 1.0 (0.67–1.50) 1.000 0.00
CVA, n (%) 1 (0.4) 1 (0.4) 1.0 (0.06–

16.08)
1.000 0.00

HTN, n (%) 35 (14.2) 35 (14.2) 1.0 (0.60–1.66) 1.000 0.00
CAD, n (%) 2 (0.8) 2 (0.8) 1.0 (0.14–7.16) 1.000 0.00
CHF, n (%) 0 (0.0) 0 (0.0) – ‑ 0.00
DM, n (%) 27 (11.0) 27 (11.0) 1.0 (0.57–1.76) 1.000 0.00
ESRD, n (%) 3 (1.2) 3 (1.2) 1.0 (0.20–5.00) 1.000 0.00
GCS, median (IQR) 15 (9–15) 15 (10–15) 0.467 −6.56
ISS, median (IQR) 16 (9–25) 17 (9–25) – 0.948 −0.59

b) Low risk
Variables Propensity score‑matched patient cohorts

Group 2 (n=424) Group 4 (n=424) OR (95% CI) P SD (%)

Male, n (%) 296 (69.8) 296 (69.8) 1.0 (0.75–1.34) 1.000 0.00
CVA, n (%) 2 (0.5) 2 (0.5) 1.0 (0.14–7.13) 1.000 0.00
HTN, n (%) 64 (15.1) 64 (15.1) 1.0 (0.69–1.46) 1.000 0.00
CAD, n (%) 1 (0.2) 1 (0.2) 1.0 (0.06–

16.04)
1.000 0.00

CHF, n (%) 0 (0.0) 0 (0.0) ‑ ‑ 0.00
DM, n (%) 42 (9.9) 42 (9.9) 1.0 (0.64–1.57) 1.000 0.00
ESRD, n (%) 4 (0.9) 4 (0.9) 1.0 (0.25–4.03) 1.000 0.00
GCS, median (IQR) 15 (12–15) 15 (13–15) ‑ 0.434 −5.37
ISS, median (IQR) 16 (9–21) 16 (9–20) ‑ 0.976 0.20

c) Versus the no‑risk group
Variables Propensity score‑matched patient cohorts

Group 3 (n=350) Group 4 (n=350) OR (95% CI) P SD (%)

Male, n (%) 241 (68.9) 241 (68.9) 1.0 (0.73–1.38) 1.000 0.00
CVA, n (%) 3 (0.9) 3 (0.9) 1.0 (0.20–4.99) 1.000 0.00
HTN, n (%) 73 (20.9) 73 (20.9) 1.0 (0.69–1.44) 1.000 0.00
CAD, n (%) 3 (0.9) 3 (0.9) 1.0 (0.20–4.99) 1.000 0.00
CHF, n (%) 0 0 ‑ ‑ 0.00
DM, n (%) 30 (8.6) 30 (8.6) 1.0 (0.59–1.70) 1.000 0.00
ESRD, n (%) 6 (1.7) 6 (1.7) 1.0 (0.32–3.13) 1.000 0.00
GCS, median (IQR) 15 (12–15) 15 (13–15) ‑ 0.736 −2.55
ISS, median (IQR) 14 (9–20) 16 (9–21) ‑ 0.993 −0.07

BMI: Body mass index, CAD: Coronary artery disease, CHF: Congestive heart failure, CI: Confidence interval, CVA: Cerebral vascular accident, 
DM: Diabetes mellitus, ESRD: End‑stage renal disease, HTN: Hypertension, IQR: Interquartile range, ISS: Injury severity score, OR: Odds 
ratio, SD: Standardized difference
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Background: The Geriatric Nutritional Risk Index (GNRI) is a simple and objective 
screening tool for clinicians to screen patients’ nutritional status based on serum albumin 
level and their weight and height. The original study had divided patients based on GNRI 
into quartiles of nutritional risk for death: a no-risk group (GNRI >98), a low-risk group 
(GNRI 92–98), a moderate-risk group (GNRI 82 to <92), and a major-risk group (GNRI 
<82). Given that the patients generally sustained traumatic brain injury (TBI) in an acute 
condition, the study aimed to explore whether GNRI presents a prognostic value for the 
mortality outcome of these patients.
Methods: From January 1, 2009, to December 31, 2019, 581 elderly patients with moderate 
to severe TBI, which was defined as sustaining a head Abbreviated Injury Scale ≥3, was 
included in the study population. The collected data included age, sex, body mass index, 
serum albumin levels at admission, preexisting comorbidities, Glasgow Coma Scale, and 
Injury Severity Score. The primary outcome in the comparison was in-hospital mortality.
Results: Multivariate logistic regression analysis revealed that GNRI, ESRD, and ISS were 
significant independent risk factors for mortality in patients with moderate to severe TBI. 
When subgrouping the study population into four nutritional risk categories according to the 
quartile deviation as Q1 (GNRI <85, n = 145), Q2 (GNRI 85 to <93.8 n = 145), Q3 (GNRI 
93.8 to 103, n = 145), and Q4 (GNRI >103, n = 146), Q1 patients had a significantly longer 
LOS in hospital (25.2 days vs 18.6 days, respectively; p = 0.004) and higher mortality rate 
(28.3% vs 11.7%, respectively; p < 0.001) than Q4 patients. The mortality rate was 
significantly higher in Q1 patients than in Q4 patients (OR, 2.8; 95% CI, 1.14–6.78; p = 
0.021).
Conclusion: This study revealed that the GNRI is a significant independent risk factor and 
a promising simple assessment tool for mortality in elderly patients with moderate to severe 
TBI.
Keywords: elderly, malnutrition, mortality, Geriatric Nutritional Risk Index, GNRI, trauma, 
traumatic brain injury, TBI

Background
To date, traumatic brain injury (TBI) remains one of the leading causes of death 
worldwide.1 The Glasgow Coma Scale (GCS), consisting of evaluation of eye- 
opening, verbal, and motor responses, has been used as a triage tool to assess the 
severity of neurologic deficits and predict the prognosis in patients with TBI,2–6 

who can be accordingly categorized into severe (GCS score, 3–8), moderate (GCS 
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score, 9–12), or mild (GCS score, 13–15) TBI.7 The 
Abbreviated Injury Scale (AIS) was developed in 1971 
to measure an anatomy-based injury severity with 
a simple score to rank specific injuries in the trauma 
patients.8 The AIS scores are created according to many 
dimensions of the injury, including impacted energy, 
extent of organ damage, threat to life, permanent impair-
ment, and period of management,1 to assess the severity of 
the anatomical injury on a 6-point ordinal scale ranging 
from minor (1), moderate (2), serious (3), severe (4), 
critical (5), to un-survivable injury (6). Therefore, AIS 
3–4 had been used defined moderate TBI, while AIS 5 
severe TBI.9,10 It had been estimated that the patients 
sustained an AIS of 3 isolated head injuries would have 
a mortality rate of 1.6%, and an AIS of 4 and 5 with 
a mortality rate of 4.8% and 44.3%, respectively.11 AIS 
is also the fundamental basis of several severity scoring 
systems, such as the Injury Severity Score (ISS),12 which 
can be used to define the patients as mildly or moderately 
injured patients (ISS <16), severely injured patients (ISS 
≥16), and critically injured patients (ISS ≥ 25).13

TBI also remains the most important single injury 
contributing to the mortality and morbidity of the older 
patients.1 In geriatric patients, malnutrition is common,14 

often underdiagnosed,15 and considered to be one of the 
contributing factors for worse outcomes during 
hospitalization.16–18 Buzby et al proposed the 
Nutritional Risk Index (NRI), calculated based on the 
level of albumin, current body weight, and usual body 
weight, to evaluate the association between nutrition and 
postoperative complications.19 However, because half of 
the elderly patients cannot remember their own usual 
body weight, it is often difficult to calculate the NRI in 
the clinical setting.20 Hence, Bouillanne et al introduced 
the Geriatric Nutritional Risk Index (GNRI) in 2005 to 
evaluate the 6-month midterm nutritional outcomes of 
elderly medical patients admitted to a rehabilitation 
unit.21 They divided patients into four groups: a no-risk 
group (GNRI >98), a low-risk group (GNRI 92–98), 
a moderate-risk group (GNRI 82 to <92), and a major- 
risk group (GNRI <82), and suggested that the risk of 
infectious complications or mortality was significantly 
higher in the major-, moderate-, and low-risk groups 
than in the no-risk group.21 With the replacement of the 
usual body weight in calculating NRI using the ideal 
body weight,21 GNRI acts as a simple and objective 
index to assess the nutrition-related risk for morbidity 
and mortality in hospitalized elderly patients.22,23

GNRI has been reported to be a strong prognostic 
factor for certain malignancies24,25 and long-term post-
operative outcomes.26–30 Several studies have also 
reported the usefulness of GNRI in assessing the outcomes 
of various clinical conditions, including chronic kidney 
disease,31 heart failure,32 chronic obstructive pulmonary 
disease,33 and patients on chronic hemodialysis.34 One 
might have assumed that GNRI was more suitable under 
chronic or subacute care settings, although some studies 
have demonstrated its prognostic value for short-term hos-
pital mortality in hospitalized patients with acute illness35 

and sepsis.36 Given that patients with TBI present 
a specific population, as the patients always get injured 
abruptly and acutely, we are interested in clarifying if 
GNRI presents a prognostic value to link the nutritional 
status and mortality outcome of these patients. Therefore, 
this study was designed to identify the association between 
admission GNRI and mortality outcomes of elderly 
patients with moderate to severe TBI.

Methods
Study Population and Data Collection
As shown in Figure 1, of the total 39,135 enrolled patients 
injured by all trauma causes and hospitalized for treatment 
between January 1, 2009, and December 31, 2019, there 
were 10,790 elderly patients aged ≥65 years. There were 
2,213 elderly patients with moderate to severe TBI, 
defined as sustaining an Abbreviated Injury Scale (AIS) 
≥3 in the head region. After exclusion of those patients 
who had incomplete data of albumin or weight and height 
(n = 1,632), 581 elderly patients with moderate to severe 
TBI were enrolled into the study population. The study 
population was categorized into two groups: mortality (n = 
125) and survival (n = 575) or four nutritional risk cate-
gories (Q1, Q2, Q3, and Q4) according to the quartile 
deviation. The medical information of these patients was 
extracted from the trauma registry system of the 
hospital.37–39 The collected data included age, sex, body 
mass index (BMI), serum albumin levels at admission, 
preexisting comorbidities (diabetes mellitus [DM], hyper-
tension [HTN], coronary artery disease [CAD]), conges-
tive heart failure [CHF], cerebral vascular accident [CVA], 
end-stage renal disease [ESRD]), GCS, and Injury 
Severity Score (ISS). The in-hospital mortality and length 
of stay (LOS) in hospital were measured as the primary 
and secondary outcomes, respectively. ISS was obtained 
from the sum of the squares of the three highest AIS 
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scores in different body regions and represented the injury 
severity of the patients.40,41 The ideal body weight was 
defined using the equations (body height in cm − 80) × 0.7 
for men and (body height in cm − 70) × 0.6 for women. 
The GNRI was calculated as follows: [1.489 × albumin (g/ 
dl) + 41.7 × (pre-body weight/ideal body weight)]. The 
study was conducted according to the guidelines of the 
Declaration of Helsinki, and approved by the Institutional 
Review Board of Chang Gung Memorial Hospital with 
approval number 202001446B0. According to IRB regula-
tions, the need for informed consent was waived due to the 
study design, which involved a retrospective analysis of 
the registered database. Patient data confidentiality was 
kept.

Statistical Analyses
The Kolmogorov–Smirnov test was used to assess the 
normalization of the distributed data for continuous vari-
ables. The unpaired Student’s t-test and Mann–Whitney 
U-test were used to analyze normally and non-normally 
distributed continuous data, respectively. The results are 
expressed as mean ± standard deviation, with ISS pre-
sented as median and interquartile range (IQR, Q1–Q3). 
The categorical data were compared using two-sided 
Fisher’s exact or Pearson’s χ2 test. Univariate predictive 
variables resulting in mortality of the patients were 

identified, and multivariate logistic regression analysis 
was used to identify the independent risk factors for mor-
tality, with the presentation of odds ratios (ORs) and 95% 
confidence intervals (CIs). In this study, all statistical 
analyses were performed using Windows version 23.0 for 
SPSS (IBM Inc., Chicago, IL, USA). To minimize the 
confounding effects of sex, age, comorbidities, and injury 
severity of patients on outcome measurements due to 
a nonrandomized assignment of the study population, 
a logistic regression model was used to calculate the 
propensity scores with the aforementioned covariates and 
then, 1:1 propensity score-matched patient populations 
were created using the NCSS 10 software (NCSS statisti-
cal software, Kaysville, UT, USA) with the greedy 
method. P values <0.05 were considered statistically 
significant.

Results
Patient and Injury Demographics
There was no significant difference in gender predomi-
nance, age, and BMI between the mortality group (n = 
125) and survival group (n = 575) of the study population 
(Table 1). The mortality group presented a significantly 
lower level of albumin (3.0 ± 0.8 vs 3.4 ± 0.6 g/dL; p < 
0.001) and GNRI (90.4 ± 12.9 vs 95.0 ± 11.6, respectively; 
p < 0.001) than the survival group. There were no 

Figure 1 Flow chart illustrating the inclusion of elderly patients with moderate to severe traumatic brain injury, with the allocation of these patients into groups of mortality 
and survival or groups of four nutritional risk categories.
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significant intergroup differences in the prevalence of pre-
existing comorbidities except for a significantly higher rate 
of CAD (21.5% vs 13.1%, respectively; p = 0.026) and 
ESRD (11.2% vs 4.0%, respectively; p = 0.003) in the 
mortality group than in the survival group. A significantly 
lower GCS was found in the mortality group than in the 
survival group (median [IQR]:84–15 vs 14,10–15 respec-
tively; p < 0.001). When stratified by GCS (3–8, 9–12, 
or 13–15), significantly more patients had scores of 3–8 
but fewer had scores of 13–15 in the mortality group than 
in the survival group. A significantly higher ISS was found 
in the mortality group than in the survival group (median 
[IQR]: 2516–29 vs 17,16–25 respectively; p < 0.001). When 
stratified by ISS (1–15, 16–24, or ≥25), there were 

significantly more patients with an ISS of ≥25, but fewer 
mortal patients with scores of 1–15 and 16–24 than survi-
val patients. Patients in the mortality group had 
a significantly shorter LOS in the hospital (16.8 days vs 
23.8 days, respectively; p = 0.001) than those in the 
survival group.

Analysis of the Risk Factors for Mortality
As shown in Table 2, the univariate analysis revealed that 
GNRI, CAD, ESRD, and ISS were significant risk factors 
for mortality in elderly patients with moderate to severe 
TBI. Subsequent multivariate logistic regression analysis 
revealed that GNRI (OR, 0.97; 95% CI, 0.95–0.99; p = 
0.001), ESRD (OR, 3.5; 95% CI, 1.57–7.97; p = 0.002), 
and ISS (OR, 1.1; 95% CI, 1.05–1.11; p < 0.001) were 
significant independent risk factors for mortality in these 
patients. Pre-existing CAD was not further recognized as 
a significant independent risk factor (OR, 1.7; 95% CI, 
0.99–3.10; p = 0.056) for mortality in these patients.

Comparison of Patients with Low and 
High GNRI
These 581 patients could be divided into two groups: low 
GNRI (H1, n = 290) and high GNRI (H2, n = 291) 
according to the median value of 93.8 of the study popula-
tion. As shown in Table 3, the patients with low GNRI 
were significantly younger (76.8 ± 7.2 vs 75.1 ± 6.6, 
respectively; p = 0.005), with a low BMI (21.1 ± 3.0 vs 
25.4 ± 3.6, respectively; p < 0.001) and albumin level (2.9 
± 0.6 vs 3.7 ± 0.6, respectively; p < 0.001) than the 
patients with high GNRI. There was no significant differ-
ence in gender predominance, preexisting comorbidities 
except HTN, and ISS between the patients with low and 
high GNRI. Patients with low GNRI had a significantly 
lower GCS than patients with high GNRI (median [IQR]: 

Table 1 Patient and Injury Characteristics of the Death and 
Survival Elderly Patients with Moderate to Severe TBI

Variables Death 
n = 107

Survival 
n = 474

P

Gender 0.525

Male, n (%) 71(66.4) 299(63.1)
Female, n (%) 36(33.6) 175

Age, years 76.5±7.4 75.8±6.9 0.392

BMI 23.7±4.5 23.2±3.8 0.299

Albumin (g/dl) 3.0±0.8 3.4±0.6 <0.001

GNRI 90.4±12.9 95.0±11.6 <0.001

Comorbidities
DM, n (%) 36(33.6) 138(29.1) 0.355

HTN, n (%) 52(48.6) 275(58.0) 0.076

CAD, n (%) 23(21.5) 62(13.1) 0.026
CHF, n (%) 3(2.8) 7(1.5) 0.340

CVA, n (%) 11(10.3) 57(12.0) 0.612

ESRD, n (%) 12(11.2) 19(4.0) 0.003

GCS, median (IQR) 8(4–15) 14(10–15) <0.001

3–8 54(50.5) 99(20.9) <0.001
9–12 14(13.1) 72(15.2) 0.580

13–15 39(36.4) 303(63.9) <0.001

ISS, median (IQR) 25(16–29) 17(16–25) <0.001

1–15 4(3.7) 76(16.0) 0.001

16–24 36(33.6) 255(53.8) <0.001
≥25 67(62.6) 143(30.2) <0.001

LOS in hospital (days) 16.8±19.8 23.8±18.7 0.001

Abbreviations: BMI, body mass index; CAD, coronary artery disease; CHF, con-
gestive heart failure; CI, confidence interval; CVA, cerebral vascular accident; DM, 
diabetes mellitus; ESRD, end-stage renal disease; GCS, Glasgow Coma Scale; GNRI, 
Geriatric Nutritional Risk Index; HTN, hypertension; IQR, interquartile range; ISS, 
Injury Severity Score; LOS, length of stay; OR, odds ratio.

Table 2 Univariate and Multivariate Analysis to Identify Risk 
Factors for Mortality in Elderly Patients with Moderate to 
Severe TBIs

Variables Univariate Analysis Multivariate Analysis

OR (95% CI) P OR (95% CI) P

GNRI 0.97 (0.95–0.99) <0.001 0.97 (0.95–0.99) 0.001

CAD 1.8 (1.07–3.10) 0.028 1.7 (0.99–3.10) 0.056

ESRD 3.0 (1.42–6.44) 0.004 3.5 (1.57–7.97) 0.002

ISS 1.1 (1.05–1.11) <0.001 1.1 (1.05–1.11) <0.001

Abbreviations: CAD, coronary artery disease; CI, confidence interval; ESRD, end- 
stage renal disease; GNRI, Geriatric Nutritional Risk Index; ISS, Injury Severity 
Score; OR, odds ratio.
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137–15 vs 15,9–15 respectively; p = 0.008). When stratified 
by GCS (3–8, 9–12, or 13–15), there were significantly 
more patients with scores of 3–8 but fewer patients with 
scores of 13–15 in the low GNRI group than in high GNRI 
group. The LOS in hospital was significantly longer (24.5 
days vs 20.5 days; p = 0.012) in patients with low GNRI 
than in those with high GNRI. However, there was no 
significant difference in the mortality rate between the 
patients with low and high GNRI (21.4% vs 15.5%, 
respectively; p = 0.066).

Comparison of Patients with Q1 and Q4 
GNRI
According to the quartile deviation, the study population 
could be divided into four nutritional risk categories: Q1 
(GNRI <85, n = 145), Q2 (GNRI 85 to <93.8 n = 145), Q3 
(GNRI 93.8 to 103, n = 145), and Q4 (GNRI >103, n = 

146) (Figure 1). From a nutritional point of view, these 
four groups of patients may present a very high risk (Q1), 
high risk (Q2), low risk (Q3), and very low risk (Q4) for 
malnutrition. There were no significant difference of mor-
tality of patients with high risk (Q2) or low risk (Q3) than 
those patients with very low risk (Q4) (p = 0.07 and 0.50, 
respectively). In contrast, comparison of patients with very 
high nutritional risk in Q1 with patients with very low 
nutritional risk in Q4 (Table 4) revealed that Q1 patients 
had a significantly longer hospital LOS (25.2 days vs 18.6 
days, respectively; p = 0.004) and higher mortality rate 
(28.3% vs 11.7%, respectively; p < 0.001) than Q4 
patients. The Q1 patients were significantly older (77.1 ± 
7.3 vs 74.6 ± 6.7, respectively; p = 0.003), with a low BMI 
(20.1 ± 2.7 vs 26.6 ± 3.7, respectively; p < 0.001) and 
albumin level (2.7 ± 0.5 vs 3.9 ± 0.4, respectively; p < 
0.001) than the Q4 patients. There was no significant 

Table 3 Comparison of Patient Characteristics and Outcomes Between the Elderly TBI Patients with Low (H1) and High GNRI (H2)

Variables GNRI (H1) 
n = 290

GNRI (H2) 
n = 291

OR (95% CI) P

Gender 0.567

Male, n (%) 188(64.8) 182(62.5) 1.1(0.79–1.55)

Female, n (%) 102(35.2) 109(37.5) 0.9(0.65–1.27)

Age, years 76.8±7.2 75.1±6.6 - 0.005

BMI 21.1±3.0 25.4±3.6 - <0.001

Albumin(g/dl) 2.9±0.6 3.7±0.6 - <0.001

Comorbidities
DM, n (%) 31(10.7) 37(12.7) 0.8(0.50–1.37) 0.448

HTN, n (%) 150(51.7) 177(60.8) 0.7(0.50–0.96) 0.027

CAD, n (%) 40(13.8) 45(15.5) 0.9(0.55–1.39) 0.569
CHF, n (%) 7(2.4) 3(1.0) 2.4(0.61–9.27) 0.200

CVA, n (%) 79(27.2) 95(32.6) 0.8(0.54–1.10) 0.155

ESRD, n (%) 16(5.5) 15(5.2) 1.1(0.52–2.22) 0.846

GCS, median (IQR) 13(7–15) 15(9–15) - 0.008

3–8 84(29.0) 69(23.7) 1.3(0.91–1.90) 0.151
9–12 55(19.0) 31(10.7) 2.0(1.22–3.15) 0.005

13–15 151(52.1) 191(65.6) 0.6(0.41–0.79) 0.001

ISS, median (IQR) 20(16–25) 18(16–25) - 0.184

1–15 29(10.0) 51(17.5) 0.5(0.32–0.85) 0.008

16–24 147(50.7) 144(49.5) 1.0(0.76–1.45) 0.771
≥25 114(39.3) 96(33.0) 1.3(0.94–1.85) 0.113

LOS in hospital (days) 24.5±20.5 20.5±17.3 - 0.012

Mortality, n (%) 62(21.4) 45(15.5) 1.5(0.97–2.27) 0.066

Abbreviations: BMI, body mass index; CAD, coronary artery disease; CHF, congestive heart failure; CI, confidence interval; CVA, cerebral vascular accident; DM, diabetes 
mellitus; ESRD, end-stage renal disease; GCS, Glasgow Coma Scale; GNRI, Geriatric Nutritional Risk Index; HTN, hypertension; IQR, interquartile range; ISS, Injury Severity 
Score; LOS, length of stay; OR, odds ratio.
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difference in gender predominance and preexisting comor-
bidities, except HTN, between Q1 and Q4 patients. Q1 
patients had a significantly lower GCS (median [IQR]: 
137–15 vs 15,11–15 respectively; p = 0.004) and higher ISS 
(median [IQR]: 2116–25 vs 16,16–25 respectively; p = 0.006) 
than Q4 patients. In the selected 83 pairs of propensity 
score-matched patient populations, who did not present 
with significant differences in sex, age, comorbidity, and 
ISS (Table 5), Q1 patients still presented a significantly 
higher mortality rate than Q4 patients (OR, 2.8; 95% CI, 
1.14–6.78; p = 0.021).

Discussion
In this study, multivariate logistic regression analysis identi-
fied GNRI as a significant independent risk factor for mor-
tality in elderly patients with moderate to severe TBI. Seeing 

that the odds of risk for mortality is only minor with GNRI 
(OR 0.97; 95% CI, 0.95–0.99), although the mortality rate 
was not significantly different between patients with low and 
high GNRI, the very high-risk (Q1) patients had 
a significantly longer LOS and a higher mortality rate than 
the very low-risk (Q4) patients. In this study, Q1 patients had 
a significantly lower GCS and higher ISS than Q4 patients, 
indicating the injury severity of Q1 patients upon arrival to 
the emergency was higher than those Q4 patients. Therefore, 
a propensity score-matched cohorts adjusting by these base-
line characteristic differences was used to assess the mortal-
ity outcome. The results revealed that the Q1 patients still 
presented a significantly higher mortality rate than Q4 
patients.

It has been highlighted that there are now over 70 
tests or tools for nutritional assessment, 21 of which are 

Table 4 Comparison of Patient Characteristics and Outcomes Between the Elderly TBI Patients with Very High-Risk GNRI (Q1) and 
Very Low-Risk GNRI (Q4)

Variables GNRI (Q1) 
n = 145

GNRI (Q4) 
n = 146

OR (95% CI) P

Gender 0.277

Male, n (%) 94(64.8) 85(58.6) 1.3(0.81–2.09)
Female, n (%) 51(35.2) 60(41.4) 0.8(0.48–1.24)

Age, years 77.1±7.3 74.6±6.7 - 0.003

BMI 20.1±2.7 26.6±3.7 - <0.001

Albumin(g/dl) 2.7±0.5 3.9±0.4 - <0.001

Comorbidities

DM, n (%) 14(9.7) 16(11.0) 0.9(0.40–1.84) 0.700

HTN, n (%) 65(44.8) 99(68.3) 0.4(0.23–0.61) <0.001
CAD, n (%) 22(15.2) 25(17.2) 0.9(0.46–1.61) 0.633

CHF, n (%) 3(2.1) 1(0.7) 3.0(0.31–29.60) 0.314

CVA, n (%) 39(26.9) 49(33.8) 0.7(0.44–1.19) 0.202
ESRD, n (%) 8(5.5) 10(6.9) 0.8(0.30–2.06) 0.626

GCS, median (IQR) 13(7–15) 15(11–15) - 0.004
3–8 45(31.0) 29(20.0) 1.8(1.05–3.08) 0.031

9–12 22(15.2) 12(8.3) 2.0(0.94–4.18) 0.068

13–15 78(53.8) 104(71.7) 0.5(0.28–0.75) 0.002

ISS, median (IQR) 21(16–25) 16(16–25) - 0.006

1–15 14(9.7) 33(22.8) 0.4(0.19–0.71) 0.002
16–24 68(46.9) 70(48.3) 0.9(0.60–1.50) 0.814

≥25 63(43.4) 42(29.0) 1.9(1.16–3.06) 0.010

LOS in hospital (days) 25.2±21.5 18.6±16.6 - 0.004

Mortality, n (%) 41(28.3) 17(11.7) 3.0(1.59–5.53) <0.001

Abbreviations: BMI, body mass index; CAD, coronary artery disease; CHF, congestive heart failure; CI, confidence interval; CVA, cerebral vascular accident; DM, diabetes 
mellitus; ESRD, end-stage renal disease; GCS, Glasgow Coma Scale; GNRI, Geriatric Nutritional Risk Index; HTN, hypertension; IQR, interquartile range; ISS, Injury Severity 
Score; LOS, length of stay; OR, odds ratio.
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designated for use in an older population.42 However, 
currently, no sufficiently sensitive and specific tool can 
be considered the gold standard for nutritional 
assessment.43 A strong correlation has been validated 
for GNRI and other nutritional scoring methods,44,45 

including the circumference of the mid-upper arm mus-
cle, arm muscle area, and handgrip strength of hospita-
lized patients46 as well as the preoperative sarcopenia 
status of cancer patients.47 In a 3-year observational 
study, GNRI showed a higher prognostic value for mor-
tality than albumin alone.48 This is because the serum 
albumin level can be modified by hydration status, the 
inflammatory process, and during the impairment of 
hepatic or renal functions.45 Obviously, GNRI is 
a simple and objective tool for clinicians to screen 
patients readily based only on height, weight, and 
serum albumin levels. Its advantages would be more 
prominent than some questionnaires, such as subjective 
global assessment (SGA)49 or Mini Nutritional 
Assessment (MNA),50 which would be difficult to com-
plete for elderly patients who had difficulties in com-
municating such as those with conscious disturbance or 
those who had been intubated.

Considering that death is a terminal condition that 
might be a consequence of nutrition-related 
complications,51,52 it is not surprising to find that, even 
when encountered with the acute injury such as TBI, 
GNRI still presents a significant independent risk factor 
for mortality in these patients. It has been reported that the 
association of GNRI with overall complications is good, 
although that with death is even stronger.53,54 Although the 
best cutoff value of GNRI might not be unique for patients 
with different illnesses, there is a trend that the value is 
lower and the risk is greater. With respect to GNRI cutoff 
value, Bouillanne et al determined four GNRI cutoff 
values (GNRI <82, GNRI 82 to <92, GNRI 92–98, and 
GNRI >98) to indicate the risk of malnutrition.21 However, 
the GNRI cutoff was slightly different among previous 
studies.55–57 For elderly patients with sepsis, the optimal 
cutoff for the indicators of nutritional support was GNRI 
<87 in the acute care setting.36 Following pancreaticoduo-
denectomy, a GNRI <94 was independently associated 
with surgical site infection (relative risk 1.73, 95% CI 
1.23-–2.43; P < 0.001).58 In hemodialysis patients, the 
multivariate Cox proportional hazards analysis showed 
that a GNRI <100 was a significant predictor of mortality 

Table 5 Mortality Outcome in the Propensity Score-Matched Cohorts of the Elderly TBI Patients with Very High-Risk GNRI (Q1) and 
Very Low-Risk GNRI (Q4)

Propensity Score-Matched Cohort

Variables GNRI (Q1) 
n = 83

GNRI (Q4) 
n = 83

OR (95% CI) P SD

Adjusted variables

Male, n (%) 56(67.5) 56(67.5) 1.0(0.52–1.91) 1.000 0.00%

Age, years 75.0±6.7 74.8±6.2 - 0.886 2.23%

Comorbidities

CVA, n (%) 2(2.4) 2(2.4) 1.0(0.14–7.27) 1.000 0.00%
HTN, n (%) 44(53.0) 44(53.0) 1.0(0.54–1.84) 1.000 0.00%

CAD, n (%) 9(10.8) 9(10.8) 1.0(0.38–2.66) 1.000 0.00%

CHF, n (%) 0(0.0) 0(0.0) - - -
DM, n (%) 20(24.1) 20(24.1) 1.0(0.49–2.04) 1.000 0.00%

ESRD, n (%) 2(2.4) 2(2.4) 1.0(0.14–7.27) 1.000 0.00%

GCS, median (IQR) 13(9–15) 15(10–15) 0.575−8.72%

ISS, median (IQR) 20(16–25) 20(16–25) - 0.655 6.94%

Measured outcome
Mortality 19(22.9) 8(9.6) 2.8(1.14–6.78) 0.021 -

Abbreviations: CAD, coronary artery disease; CHF, congestive heart failure; CI, confidence interval; CVA, cerebral vascular accident; DM, diabetes mellitus; ESRD, end- 
stage renal disease; GCS, Glasgow Coma Scale; HTN, hypertension; IQR, interquartile range; ISS, Injury Severity Score; OR, odds ratio; SD, standardized difference.
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(hazard ratio 3.691, 95% CI 1.75–7.78; P = 0.001). The 
study results demonstrated that GNRI might be helpful for 
us to early recognize those with malnutrition risk for 
mortality in the elderly patients with moderate to 
severe TBI.

This study has some limitations, which include the fol-
lowing. First, owing to the retrospective design of this study, 
some selection bias may be present. Second, interventions 
such as resuscitation, damage control, and surgery could 
lead to a different outcome; however, we can only assume 
that the outcome of treatments was uniform across the 
studied population. Third, the patients declared dead on 
arrival at the emergency department were not recorded in 
the registered database and only in-hospital mortality, but 
not mortality at a longer day, was evaluated, which may 
have led to a selection bias in the outcome measurement. 
Fourth, some patients with incomplete data were excluded 
from the study. Considering most of the loss data is the 
albumin level and those patients without the check of albu-
min level were prone to be less severely injured patients; 
thus, the mortality rate calculated in each group of patients 
may be higher than the real data. This situation may result in 
some bias in the outcome measurement. Further, the popula-
tion differences in this study may lead to a selection bias. 
Finally, the population included in this study was limited to 
that from a single urban trauma center; thus, these results 
may not apply to other regions. This study revealed that 
GNRI is a significant independent risk factor and 
a promising simple screening tool for nutritional status of 
elderly patients with moderate to severe TBI.
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Purpose: We evaluate the association of Geriatric Nutritional Risk Index (GNRI) and the 
adverse outcome in elderly patients (≥65 years old) with fall injuries.
Patients and Methods: Total 1071 elderly patients with fall injuries were enrolled. 
Patients were divided into four groups: high risk, moderate risk, low risk and no risk 
(GNRI: <82, 82 to <92, 92 to ≤98 and >98) for patient demography, comorbidities, and 
adverse outcomes analysis.
Results: After 1:1 propensity score-matched analysis, 97 patients in high-risk group, 144 
patients in moderate-risk group, and 114 patients in low-risk group were compared to no risk 
group. High-risk group patients had a 5.7-fold higher risk of mortality (p = 0.003) and 
prolong hospital stay (18.0 vs 12.3 days; p = 0.016) when compared to no-risk group 
patients. Significantly prolong hospital stay were also found in low-risk and moderate-risk 
group when compared to no risk group.
Conclusion: A lower GNRI is associated with prolonged hospital stay in the elderly patients 
with fall injuries. High nutritional risk (GNRI < 82) is associated with an increased in- 
hospital mortality rate.
Keywords: Geriatric Nutritional Risk Index, elderly patients, fall injuries, trauma

Introduction
Falls are the leading cause of trauma-related morbidity and mortality for the elderly. 
Approximately 5% to 10% of falls result in major head and orthopedic injuries, 
such as traumatic brain injuries and hip fractures, with mortality rates of 46% and 
25%, respectively.1,2 Falls are one of the major causes of hospital admission for 
traumatic injury among elderly patients.3 It has been reported that approximately 
60% of patients are hospitalized due to injuries sustained during a fall. As the 
elderly population increases worldwide, traumatic injuries due to falls will, 
undoubtedly, increase as well.

The elderly are more likely to develop nutritional problems due to multiple 
comorbidities, such as altered gastrointestinal function, emotional distress, and 
polypharmacy.4,5 It is often acknowledged that providing adequate nutrition to the 
elderly may play a fundamental role in improving the skeletal muscles functioning.6 

Lesser muscle strength is associated with a higher risk of falls,7–9 which may lead 
to adverse clinical events like prolonged length of hospital stay and in-hospital 
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mortality.10,11 Therefore, it is crucial to have a timely 
diagnosis of malnutrition and a prompt initiation of proper 
nutritional care for elderly patients.

Recently, several assessment tools have been devel-
oped for the evaluation of nutritional status in clinical 
practice. The Geriatric Nutritional Risk Index (GNRI) 
was developed by Bouillanne et al in 2005.12 It is 
a simplified and accurate screening tool, calculated using 
serum albumin level and a ratio of the patient’s body 
weight to the ideal body weight (IBW). Lower GNRI is 
associated with higher degrees of malnutrition, inflamma-
tion, and sarcopenia.13 Several studies have also demon-
strated that a low GNRI is a poor prognostic factor for 
certain malignancies and is associated with an increased 
risk of developing postoperative complications and an 
impaired survival rate.14–17 GNRI was also useful to iden-
tify the patients with malnutrition at a high risk of mortal-
ity among elderly patients with femoral fractures.18 

However, the prognostic value and the clinical impact of 
the GNRI scoring in elderly patients with fall injuries have 
not been established yet.

The aim of this study was to evaluate the prognostic 
significance of the GNRI in estimating hospital mortality 
rate and the length of hospital stay for elderly patients with 
fall injuries.

Patients and Methods
Study Population
This study was approved by the Institutional Review 
Board of the Kaohsiung Chang Gung Memorial Hospital, 
a Level I regional trauma center in southern Taiwan19,20 

before the data collection was started (reference number 
202001446B0). According to IRB regulations, the require-
ment for informed consent was waived due to the retro-
spective nature of this study. The privacy of the study 
subject and the confidentiality of the patient’s information 
was compliance with the principles enunciated in the 
Declaration of Helsinki. This retrospective study reviewed 
the data of all the elderly (≥65 years old) patients with fall 
injuries who were registered in the Trauma Registry 
System of the hospital from January 1, 2009 to 
December 31, 2019. Patients with incomplete data on 
body weight and albumin levels were excluded.

We applied the GNRI as an objective nutritional 
assessment tool for these elderly patients. The GNRI was 
calculated using the following equation: GNRI = 1.489 × 
albumin (g/L) + [41.7 × (patient’s body weight/IBW)].21 

Based on the original paper by Bouillanne et al,12 IBW 
was calculated from estimated height (H) and the Lorentz 
equations (WLo) as follows: H– 100– [(H – 150)/4] for 
men and H–100–[(H – 150)/2.5] for women. Estimated 
height was calculated from knee height (KH) and age by 
using the following equations taken from Chumlea et al:22 

[2.02 X KH (cm)]– [0.04 X age (y)] + 64.19 for men and 
[1.83 X KH (cm)]– [0.24 X age (y)] + 84.88 for women. 
For patients with weight/IBW ≥ 1, it was set to 1 accord-
ing to the paper description from Bouillanne et al.12 The 
albumin level was check when patient was admitted to 
ward or intensive care unit (ICU). Patients were divided 
into four groups according to the grading of their nutrition- 
related risk as derived from the GNRI values: high risk 
(GNRI: <82), moderate risk (GNRI: 82 to <92), low risk 
(GNRI: 92 to≦98), and no risk (GNRI: >98) in line with 
the original paper description from Bouillanne et al.12

The detailed patient information, for this study, was 
retrieved from the Trauma Registry System of the hospital. 
The administrative databases that record medical conditions 
of the diseases were using International Classification of 
Diseases, 9th revision (ICD-9) and International 
Classification of Diseases, 10th revision (ICD-10). It 
included information on sex, age, body mass index (BMI), 
initial vital signs including body temperature (BT), heart rate 
(HR), respiratory rate (RR) and systolic blood pressure 
(SBP), blood transfusion ≥ 4 units (U), comorbidities such 
as a history of cerebral vascular accidents (CVA), hyperten-
sion (HTN), coronary artery disease (CAD), congestive heart 
failure (CHF), diabetes mellitus (DM), and end-stage renal 
disease (ESRD); Glasgow coma scale (GCS) score and 
injury severity score (ISS). The detail definitions of comor-
bidities were using ICD-9 and ICD-10 (Supplement Table 1). 
ISS was expressed as a median with an interquartile range 
(IQR, Q1–Q3). In-hospital mortality and the length of hospi-
tal stay were also compared between the groups.

Statistical Analysis
The statistical analyses of the present study were performed 
using IBM SPSS Statistics for Windows, version 23.0 (IBM 
Corp., Armonk, NY, USA) and NCSS 10 software (NCSS 
Statistical Software, Kaysville, UT, USA). The primary out-
comes of this study were in-hospital mortality and the length 
of hospital stay. Pearson chi-square tests were used to com-
pare categorical data. The Kolmogorov–Smirnov test was 
used to analyze the normalization of the distributed data for 
continuous variables. Unpaired Student’s t- and Post-Hoc 
Mann–Whitney U-tests were used to analyze normally 
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distributed and non-normally distributed continuous data, 
respectively. To minimize the potential confounding effects 
due to the non-randomized assignment of the patients in this 
study, a logistic regression model, with sex, age, co- 
morbidities, GCS score, ISS, initial vital signs and blood 
transfusion > 4U was used to calculate the propensity scores. 
We established a 1 to 1 propensity score-matched study 
group using the Greedy method with a 0.2 caliper width to 
compare the patients with no nutrition-related risk (GNRI > 
98) with the patients from the other groups. The survival 
analyses were conducted using the Kaplan–Meier method 
with Log-rank tests. Odds ratios (ORs) with 95% confidence 
intervals (CIs) of the patients’ condition between the groups 
were presented, and p-values < 0.05 were defined as statis-
tically significance.

Results
Characteristics and Outcomes of the 
Elderly Patients with Different GNRIs
As shown in Figure 1, 1071 elderly patients with fall injuries 
were included in the present study. According to the nutrition- 
related risk, these patients were distributed into four groups: 
high risk (N=235, GNRI < 82), moderate risk (N=371, 
GNRI: 82 to < 92), low-risk (N=224, GNRI: 92 to < 98), 
and no risk (N=241, GNRI > 98). Table 1 shows that there 
were no significant differences in comorbidities, including 
CVA, HTN, CAD, CHF, DM and ESRD between the groups. 

There were also no significant differences in initial BT, HR 
and RR. Compared to those of the patients with no nutrition- 
related risk (GNRI > 98), patients with a lower GNRI in all 
the other groups had a significantly lower BMI, lower serum 
albumin level, and longer duration of hospital stay. In addi-
tion, patients in the high and moderate nutrition-related risk 
groups were significantly older, had lower initial SBP, prone 
to receive massive blood transfusion, and had higher mortal-
ity rates compared to that of patients with no nutrition-related 
risk. In the high nutrition-related risk group, a significantly 
lower number of patients had a GCS score in the 13–15 range 
and more patients had an ISS > 25 when compared to that of 
patients in the no nutrition-related risk group.

Adjusted Outcomes of the Propensity 
Score-Matched Patients
After 1:1 propensity score-matched analysis, 97, 144, 
and 114 well-balanced pairs of patients were selected 
from the high-risk, the moderate-risk, and the low-risk 
groups, respectively. Compared to the no-risk group, 
either low-risk group, moderate risk group and high- 
risk group had no significant differences in sex, age, 
comorbidities, GCS score, and ISS. As demonstrated in 
Table 2, when compared to that of the no-risk group, the 
logistic regression analysis of these pairs of patients 
showed that the high-risk group had a 5.7-fold higher 
risk of mortality as calculated by the OR (95% CI 

Figure 1 Flowchart on the elderly patients with fall injuries in different GNRI groups.
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1.60–20.50; p = 0.003) and a significantly longer dura-
tion of hospital stay (18.0 days vs 12.3 days for the no- 
risk group; p = 0.016). As shown in the Figure 2, the 
Kaplan–Meier curves for survival analysis also revealed 
inferior survival of high-risk group comparing to no risk 
group (p = 0.016).

When the patients in the moderate and the low-risk 
groups were compared to those of the no-risk group 
(Tables 3 and 4), no significant differences in sex, age, 
comorbidities, GCS score, and ISS were found between 
the two patient cohorts. Compared with that of the no-risk 
group, the logistic regression analysis of these pairs of 

Table 1 Relationships Between GNRI and Patient Demography in All Elderly Patients with Fall Injuries

GNRI

< 82 82 to < 92 92 to ≦98 > 98 P

n=235 n=371 n=224 n=241

Gender 0.004
Male 109(46.4) * 139(37.5) 98(43.8) * 76(31.5)

Female 126(53.6) * 232(62.5) 126(56.2) * 165(68.5)

Age 81.1±7.4* 79.8±7.4* 78.4±7.1 77.0±6.9 <0.001

BMI 20.5±4.5* 22.8±3.9* 24.0±4.0* 25.3±3.5 <0.001

Albumin(g/dl) 2.5±0.5* 3.1±0.3* 3.6±0.5* 4.1±0.2 <0.001

Co-Morbidity

CVA 27(11.5) 55(14.8) 38(17.0) 32(13.3) 0.375
HTN 134(57.0) 247(66.6) 144(64.3) 164(68.0) 0.052

CAD 34(14.5) 46(12.4) 35(15.6) 37(15.4) 0.651

CHF 11(4.7) 19(5.1) 7(3.1) 6(2.5) 0.339
DM 67(28.5) 127(34.2) 87(38.8) 94(39.0) 0.055

ESRD 12(5.1) 30(8.1) 16(7.1) 13(5.4) 0.417

GCS, median (IQR) 15(15–15) * 15(15–15) * 15(15–15) 15(15–15) 0.001
≦8 19(8.1) 30(8.1) 11(4.9) 11(4.6) 0.187

9–12 18(7.7) 34(9.2) * 8(3.6) 7(2.9) 0.004
13–15 198(84.3) * 307(82.7) * 205(91.5) 223(92.5) <0.001

ISS, median (IQR) 9(9–16) 9(9–16) 9(9–16) 9(9–9) <0.001
1–15 172(73.2) 272(73.3) 167(74.6) 194(80.5) 0.180
16–24 35(14.9) 68(18.3) 47(21.0) 33(13.7) 0.135

≥25 28(11.9) * 31(8.4) 10(4.5) 14(5.8) 0.014

Mortality 50(21.3) * 35(9.4) * 10(4.5) 11(4.6) <0.001

Hospital stay (days) 21.2±19.8* 17.7±15.9* 14.7±11.7* 11.1±12.5 <0.001
BT 36.6±0.7 36.5±0.8 36.6±0.6 36.7±0.7 0.240

HR 87.0±19.8 86.6±18.0 85.5±17.8 83.6±17.1 0.141
SBP 151.5±37.6* 157.4±35.0* 157.2±37.1 165.4±33.1 <0.001
RR 18.5±2.3 18.8±2.4 18.7±2.0 18.4±2.1 0.054

Blood Transfusion <0.001
≥4 U 31(13.2)* 37(10.0)* 11(4.9) 6(2.5)
<4U 204(86.8)* 334(90.0)* 213(95.1) 235(97.5)

Notes: *Statistic significance comparing to no-risk (GNRI>98) group; the categorical data was compared with Pearson chi-square tests; the normally distributed and non- 
normally distributed continuous data were analyzed by Unpaired Student’s t- and Post-Hoc Mann–Whitney U-tests, respectively. Significant values are indicated in Italic. 
Abbreviations: BMI, body mass index; CAD, coronary artery disease; CHF, congestive heart failure; CI, confidence interval; CVA, cerebral vascular accident; DM, diabetes 
mellitus; ESRD, end-stage renal disease; GCS, Glasgow Coma Scale; HTN, hypertension; IQR, interquartile range; ISS, injury severity score; BT, body temperature; HR, heart 
rate; SBP, systolic blood pressure; RR, respiratory rate; OR, odds ratio.
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patients showed a significant difference in the odds of 
staying at the hospital for longer durations for both the 
moderate-risk group (17.0 days vs 11.3 days for the no- 
risk group; p = 0.002) and the low-risk group (13.1 days vs 
10.3 days for the no-risk group; p = 0.04). When compared 
with the no-risk group of patients, the patients in the 
moderate and the low-risk groups did not have significant 
different odds of mortality from propensity-score matched 
populations and did not present significant difference of 
survival curves in the Kaplan–Meier analysis.

Discussion
Among the elderly population, malnutrition is a critical 
and common issue and is usually related to a poor prog-
nosis in the patients with many comorbidities,23–25 like 
cardiovascular disease and various malignancies. In the 
present study, we demonstrated the relationship between 
the nutritional status assessed by the GNRI and adverse 
prognosis in the elderly patients with fall injuries. 

Compared to that of the patients of the no-risk group 
(GNRI > 98), the in-hospital mortality rate in patients 
with moderate risk (GNRI 82 to ≦ 92) and high risk 
(GNRI < 82) was significantly higher. Patients with 
a low GNRI also had a longer hospital stay than that of 
patients in the no-risk group. Notably, after adjustment for 
the differences in the demographic characteristics, comor-
bidities, initial vital signs, blood transfusion ≥ 4U and 
injury severity of the trauma patients, patient in the low, 
moderate, and high-risk groups still had significantly pro-
longed hospital stay when compared to those of patients in 
the no-risk group. Additionally, we reported that a GNRI 
of <82 is an independent predictor of in-hospital mortality 
and inferior survival in elderly patients with fall injuries.

Malnutrition status may contribute to increased risk of 
inferior clinical outcome in trauma patients through sev-
eral mechanisms. Deficiency of calorie and protein is 
associated with osteoporosis and sarcopenia, which may 
reduce the bone resistance to trauma and increases the risk 

Table 2 Comparison Between High-Risk and No-Risk Group in Elderly Patients with Fall Injuries: Propensity Score Matched Analysis

Propensity Score matched-cohort

GNRI

<82 
n=97

>98 
n=97

OR (95%CI) p Standardized Difference

Gender

Male 35(36.1) 35(36.1) 1.0(0.56-1.80) 1.000 0.00%

Age 80.1±7.3 80.0±6.6 — 0.876 2.24%
Co-Morbidity

CVA 2(2.1) 2(2.1) 1.0(0.14-7.25) 1.000 0.00%

HTN 64(66.0) 64(66.0) 1.0(0.55-1.81) 1.000 0.00%
CAD 8(8.2) 8(8.2) 1.0(0.36-2.78) 1.000 0.00%

CHF 0(0.0) 0(0.0) — — —

DM 29(29.9) 29(29.9) 1.0(0.54-1.85) 1.000 0.00%
ESRD 1(1.0) 1(1.0) 1.0(0.06-16.22) 1.000 0.00%

GCS, median (IQR) 15(15-15) 15(15-15) 0.614 -7.26%

ISS, median (IQR) 9(9-9) 9(9-9) — 0.430 11.36%
BT 36.6±0.7 36.6±0.6 — 0.913 -1.56%

HR 82.7±15.6 84.2±15.2 — 0.488 -9.99%

SBP 160.3±33.5 158.3±27.8 — 0.661 6.30%
RR 18.5±2.0 18.6±1.5 — 0.773 -4.15%

Blood Transfusion 

≥4 U

0(0.0) 0(0.0) — —

Mortality 15(15.5) 3(3.1) 5.7(1.60-20.50) 0.003 —

Hospital stay (days) 18.0±15.9 12.3±16.8 — 0.016 —

Notes: The categorical data was compared with Pearson chi-square tests; The normally distributed and non-normally distributed continuous data were analyzed by 
Unpaired Student’s t- and Post-Hoc Mann–Whitney U-tests, respectively. Significant values are indicated in Italic. 
Abbreviations: BMI, body mass index; CAD, coronary artery disease; CHF, congestive heart failure; CI, confidence interval; CVA, cerebral vascular accident; DM, diabetes 
mellitus; ESRD, end-stage renal disease; GCS, Glasgow Coma Scale; HTN, hypertension; IQR, interquartile range; ISS, injury severity score; BT, body temperature; HR, heart 
rate; SBP, systolic blood pressure; RR, respiratory rate; OR, odds ratio.
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of falls.26 Previous studies also reported that higher protein 
and adequate energy intake was associated with less post-
operative complications, as well as decreased duration of 
hospital stay.27,28 Since the ratio of the present to the ideal 

body weight can reflect the caloric depletion and serum 
albumin may reflect protein reservation,29 the malnutrition 
defined by low GNRI is a potential indicator for the 
associated adverse outcome following the trauma.

Figure 2 Kaplan–Meier curves based on GNRI in according to different nutritional risk in patients with fall injury. (A) high-risk group and no-risk group, Log-Rank P = 0.016; 
(B) moderate-risk group and no-risk group, Log-Rank P = 0.662; (C) low-risk group and no-risk group, Log-Rank P= 0.453.

Table 3 Comparison Between Moderate-Risk and No-Risk Group in Elderly Patients with Fall Injuries: Propensity Score Matched 
Analysis

Propensity Score matched-cohort

GNRI

82 to < 92 
n=144

>98 
n=144

OR (95%CI) p Standardized Difference

Gender

Male 43(29.9) 43(29.9) 1.0(0.60-1.66) 1.000 0.00%
Age 78.8±6.5 78.0±6.7 — 0.357 10.88%

Co-Morbidity

CVA 12(8.3) 12(8.3) 1.0(0.43-2.31) 1.000 0.00%
HTN 98(68.1) 98(68.1) 1.0(0.61-1.64) 1.000 0.00%

CAD 13(9.0) 13(9.0) 1.0(0.45-2.24) 1.000 0.00%

CHF 1(0.7) 1(0.7) 1.0(0.06-16.14) 1.000 0.00%
DM 55(38.2) 55(38.2) 1.0(0.62-1.61) 1.000 0.00%

ESRD 2(1.4) 2(1.4) 1.0(0.14-7.20) 1.000 0.00%

GCS, median (IQR) 15(15-15) 15(15-15) — 0.209 14.85%
ISS, median (IQR) 9(9-9) 9(9-9) — 0.252 -13.54%

BT 36.6±0.7 36.7±0.7 — 0.436 -9.18%

HR 83.1±15.2 85.8±15.4 — 0.136 -17.64%
SBP 163.7±29.8 163.1±30.0 — 0.866 2.00%

RR 18.5±1.8 18.5±1.6 — 0.837 2.42%

Blood Transfusion 
≥4 U

2(1.4) 2(1.4) 1.0(0.14-7.20) 1.000 0.00%

Mortality 8(5.6) 3(2.1) 2.8(0.72-10.64) 0.124 —
Hospital stay (days) 17.0±17.5 11.3±13.7 — 0.002 —

Notes: The categorical data was compared with Pearson chi-square tests; The normally distributed and non-normally distributed continuous data were analyzed by 
Unpaired Student’s t- and Post-Hoc Mann–Whitney U-tests, respectively. Significant values are indicated in Italic. 
Abbreviations: BMI, body mass index; CAD, coronary artery disease; CHF, congestive heart failure; CI, confidence interval; CVA, cerebral vascular accident; DM, diabetes 
mellitus; ESRD, end-stage renal disease; GCS, Glasgow Coma Scale; HTN, hypertension; IQR, interquartile range; ISS, injury severity score; BT, body temperature; HR, heart 
rate; SBP, systolic blood pressure; RR, respiratory rate; OR, odds ratio.
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Several nutritional assessment tools have been devel-
oped previously, like BMI, skeletal muscle mass index, 
prognostic nutritional index,30 and subjective global 
assessment.31 However, the clinical applicability of these 
tools for the elderly needs to be elucidated as there is 
a lack of consensus regarding their clinical utility. Many 
age-related medical conditions, such as cognitive dysfunc-
tion, visual impairment, depressed mood, increase in the 
adverse effects of drugs due to polypharmacy, and a low 
muscle mass and strength, may lead to an increased risk of 
injuries due to falls in the elderly.7,32 However, the evalua-
tion of the malnutrition status for these patients with fall 
injuries is not fully standardized. However, the GNRI has 
been reported as a useful and efficient screening tool for 
the nutritional status during the overall evaluation of the 
hospitalized elderly patients. The GNRI is calculated using 

body weight, height, and serum albumin level, which can 
be accurately and easily evaluated during admission.

In some previous studies, the GNRI has been reported 
as a prognostic predictor for patients undergoing hemodia-
lysis and those suffering from many acute and chronic 
conditions, such as acute respiratory distress syndrome 
and heart failure.33,34 Recently, the GNRI was also con-
sidered as a useful prognostic indicator of morbidity and 
mortality in patients with gastrointestinal cancer, as well as 
overall survival.35,36 However, the literature on the appli-
cation of the GNRI as a prognostic predictor for the 
elderly patients suffering from traumatic injuries is very 
limited. Our study confirmed that a lower GNRI may be 
associated with a longer hospital stay, even in the moder-
ate-and the low-risk groups. If the patient is severely 
malnourished (GNRI < 82) when a traumatic injury due 

Table 4 Comparison Between Low-Risk and No-Risk Group in Elderly Patients with Fall Injuries: Propensity Score Matched Analysis

Propensity Score matched-cohort

GNRI

92 to ≦98 
n=114

>98 
n=114

OR (95%CI) p Standardized 
Difference

Gender

Male 38(33.3) 38(33.3) 1.0(0.58-1.73) 1.000 0.00%

Age 78.3±7.3 78.4±6.6 — 0.886 -1.90%
Co-Morbidity

CVA 8(7.0) 8(7.0) 1.0(0.36-2.76) 1.000 0.00%

HTN 76(66.7) 76(66.7) 1.0(0.58-1.73) 1.000 0.00%
CAD 9(7.9) 9(7.9) 1.0(0.38-2.62) 1.000 0.00%

CHF 1(0.9) 1(0.9) 1.0(0.06-16.18) 1.000 0.00%
DM 40(35.1) 40(35.1) 1.0(0.58-1.72) 1.000 0.00%

ESRD 3(2.6) 3(2.6) 1.0(0.20-5.06) 1.000 0.00%

GCS, median (IQR) 15(15-15) 15(15-15) — 0.578 -7.38%
ISS, median (IQR) 9(9-9) 9(9-9) — 0.705 5.02%

BT 36.6±0.7 36.6±005 — 0.682 5.44%

HR 82.9±13.7 84.0±15.5 — 0.574 -7.45%
SBP 158.6±32.9 162.3±28.7 — 0.374 -11.79%

RR 18. 5±2.1 18.6±1.5 — 0.684 -5.39%

Blood Transfusion 
≥4 U

0(0.0) 0(0.0) — — —

Mortality 3(105) 3(2.6) 1.0(0.20-5.06) 1.000 —

Hospital stay(day) 13.1±10.4 10.3±9.8 — 0.040 —

Notes: The categorical data was compared with Pearson chi-square tests; The normally distributed and non-normally distributed continuous data were analyzed by 
Unpaired Student’s t- and Post-Hoc Mann–Whitney U-tests, respectively. Significant values are indicated in Italic. 
Abbreviations: BMI, body mass index; CAD, coronary artery disease; CHF, congestive heart failure; CI, confidence interval; CVA, cerebral vascular accident; DM, diabetes 
mellitus; ESRD, end-stage renal disease; GCS, Glasgow Coma Scale; HTN, hypertension; IQR, interquartile range; ISS, injury severity score; BT, body temperature; HR, heart 
rate; SBP, systolic blood pressure; RR, respiratory rate; OR, odds ratio.
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to fall occurs, it may also result in an increased in-hospital 
mortality. Therefore, we recommend that for an elderly 
patient with a low GNRI, who has sustained a fall injury, 
the physicians should promptly initiate the appropriate 
treatment, and should also consider more aggressive med-
ical care.

Several limitations should be considered when inter-
preting the results of the current study. First, the selection 
bias due to the retrospective study design could not be 
completely excluded; even after applying the propensity 
score matching method. A large proportion of patients 
with falls did not have serum albumin data at admission 
and such scenario may lead to a selection bias. However, 
this also reflects that the assessment of the nutritional 
status is often neglected even for the patients with fall. 
Second, although the severity of trauma was evaluated 
using ISS, the causes of mortality and longer hospital 
stay may vary due to the differences in the severity of 
trauma and for different comorbidities. Third, we only 
used a baseline GNRI measurement for the nutritional 
status evaluation in this study. Although there are other 
nutritional assessment tools, such as the muscle power and 
muscle mass status, we were not able to evaluate and 
compare these tools with the GNRI due to insufficient 
data. Further studies might need to employ more nutri-
tional and physical evaluation assessment tools to under-
stand the association between malnutrition and fall injuries 
in the elderly patients.

Conclusions
In conclusion, a lower GNRI is associated with adverse out-
comes as prolonged hospital stay in the elderly patients with 
fall injuries. High nutritional risk (GNRI < 82) is associated 
with an increased in-hospital mortality rate. Physicians 
should consider more intensive clinical observation and treat-
ment to improve the prognosis of the elderly patients who 
suffered from fall injuries and have a poor GNRI status.
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Association between type of helmet and outcomes in 
motorcyclists after traffic accidents: A retrospective analysis 
based on registered trauma database

Shiun‑Yuan Hsu1, Ching‑Hua Tsai1, Chun‑Ying Huang1, Ting‑Min Hsieh1, Sheng‑En Chou1, Wei‑Ti Su1, 
Ching‑Hua Hsieh2*

Departments of 1Trauma Surgery and 2Plastic Surgery, Kaohsiung Chang Gung Memorial Hospital and Chang Gung University College of 
Medicine, Kaohsiung City, Taiwan

Original Article

Background: The use of helmets has been promoted worldwide to protect motorcyclists from head‑and‑neck 
injuries and to reduce motorcycle accident‑related mortality. However, the results of previous studies 
regarding the effectiveness of different types of helmets are controversial. This study aims to investigate 
the effectiveness of three types of helmets: half‑helmets, open‑face helmets, and full‑face helmets, in 
protecting motorcyclists during traffic accidents.
Methods: A total of 6991 motorcyclists, who were hospitalized between January 1, 2015, and December 
31, 2019, were enrolled in this study. They were divided into two groups: those who did not wear 
helmets (n = 506) and those who wore helmets (n = 6,485). The latter group was subdivided according to the 
type of helmet used: half‑helmet (n = 3,027), open‑face helmet (n = 2,528), and full‑face helmet (n = 930). 
The primary outcome was inhospital mortality. The length of hospital stay and associated head‑and‑neck 
injuries were secondary outcomes.
Results: Half‑helmets offered significantly less protection than full‑face helmets, considering that patients 
using half‑helmets had a significantly higher rate of the Abbreviated Injury Scale ≥ 2 injuries to the head 
region and significantly higher odds of sustaining subdural hematoma, subarachnoid hemorrhage (SAH), 
and intracerebral hematoma than patients using full‑face helmets. However, higher odds of sustaining SAH 
were noted in patients using open‑face helmets. There were no significant differences in the Glasgow Coma 
Scale score after injury or in the mortality rate in patients using either half‑helmets or open‑face helmets 
compared to those using full‑face helmets.
Conclusions: This study revealed that half‑helmets, but not open‑face helmets, offered significantly less 
protection from head injuries than full‑face helmets. However, the mortality rate and length of hospital 
stay after the injury did not differ among patients using the three types of helmets.

Keywords: Abbreviated Injury Scale, Glasgow Coma Scale, head injury, helmets, Injury Severity Score, 
mortality
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INTRODUCTION

In Taiwan, there were 14,173,000 registered motorcycles 
in June 2021, which is approximately 63.1% of  registered 
motor vehicles.[1] Motorcyclists have higher injury rates;[2] 
compared to car drivers, motorcyclists are eight times more 
likely to be injured per vehicle mile,[3] and the fatality rate 
per trip is approximately sixty times higher.[4]

Among motorcycle accident fatalities, head injuries were 
the most common cause of  death.[5‑8] The use of  helmets 
to protect against head injuries and reduce mortality rate 
had been recommended globally.[6,8‑11] In Taiwan, the 
government introduced and amended helmet legislation 
in 1997 to enforce helmet wearing among motorcyclists. 
According to data collected from 56 major hospitals in 
Taiwan, the number of  head injuries caused by motorcycle 
collisions decreased by 33% after the implementation of  
helmet legislation.[12] In a study of  270,525 patients, multiple 
logistic regression analyses showed that wearing a helmet 
was an independent factor that protected motorcyclists 
from death.[9] Motorcyclists who did not wear helmets 
were four times more likely to have head injuries and had 
a ten times higher risk of  experiencing traumatic brain 
injuries[13] than those who did. In addition, helmet use 
significantly decreased the risk of  severe head injuries by 
almost 50%.[9] A Cochrane review of  the effectiveness 
of  helmets demonstrated that there was a 69% and 42% 
reduction in the risk of  head injury and death, respectively, 
for motorcyclists who wore helmets and were involved in 
traffic accidents.[14]

It is well established that helmets offer protection for 
the head.[15‑23] However, head injury is still the main 
cause of  death from motorcycle accidents. Currently, 
most countries, including Taiwan, have no legislation 
regarding the type of  helmet that must be worn when 
riding a motorcycle. Full‑face helmets that cover 
the entire head and have a chin bar are expected to 
provide better protection against head injuries than 
nonstandard helmets.[24] Nevertheless, this type of  helmet 
is uncomfortable to wear in the hot and moist weather in 
Taiwan. In addition, other factors may also contribute to 
the use of  nonstandard helmets (open‑face helmets or 
half‑helmets), including helmet weight, cost, limitations 
in auditory/visual perception, and cultural norms.[25,26] 
These factors should be considered when investigating 
the protection provided by full‑face helmets and other 
nonstandard helmets. There are three common types of  
helmets: half‑helmets, open‑face helmets, and full‑face 
helmets [Figure 1], and their effectiveness in protecting 
against head injuries varies. Some studies have shown that 

motorcyclists who use half‑helmets or open‑face helmets 
sustained an increased risk of  facial and neck injuries when 
compared with those who used full‑face helmets.[27‑31] 
However, a Cochrane review in 2008 demonstrated that 
the conclusions regarding the most effective helmet type 
in reducing injury risk were not supported by sufficient 
data.[14] In Taiwan, a case–control study of  motorcycle 
accident victims, including 562 patients with head injuries 
and 789 patients without head injuries, revealed that 
wearing a full‑face helmet significantly reduced the risk 
of  head injury, although such an effect was not observed 
in motorcyclists wearing partial‑coverage helmets.[27] 
However, this study was conducted in 1990, before the 
implementation of  helmet laws. Furthermore, in 2011, Yu 
et al.[13] determined that motorcyclists wearing half‑helmets 
had twice the risk of  sustaining head and traumatic brain 
injuries than those who wore full‑face helmets.[13] However, 
this study did not assess the actual injury severity. Instead, 
crash severity was determined by the expense involved 
in repairing the damaged motorcycle, the object that the 
motorcyclist collided with, and the type of  collision.[13] 
Furthermore, fatalities were not assessed. In 2015, based 
on the analysis of  Taiwan’s National Head Trauma Registry 
data, Lam et al.[32] reported that full‑face helmets offered 
the best protection from neck injuries. In 2020, according 
to a retrospective analysis of  725 patients from eight level 
I trauma centers in Taiwan, Lam et al.[33] reported that the 
use of  nonstandard helmets (half‑helmets or open‑face 
helmets) was associated with a higher risk of  head injuries 
and an increased rate of  injuries with an Injury Severity 
Score (ISS) ≥8 compared to patients wearing full‑face 
helmets.[33] However, these study results were based on 
a questionnaire in which types of  helmet worn during 
accidents were reported.

Therefore, to investigate the effectiveness of  the three 
types of  helmets in protecting motorcyclists’ head during 
traffic accidents, we analyzed data on registered helmet 
types, injury severity, diagnosis of  head‑and‑neck injuries, 
and mortality outcomes in patients from the trauma registry 
system of  the hospital.

Figure 1: Types of helmets: (a) Half‑helmet, (b) open‑face helmet, 
and (c) full‑face helmet

a b c
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METHODS

Study population and data collection
Of  the 19,029 hospitalized trauma patients registered 
in the trauma registry system of  the hospital between 
January 1, 2015, and December 31, 2019,[5,7,34] there 
were 7,598 motorcycle riders [Figure 2]. After excluding 
patients with incomplete data (n = 607), 6,991 patients 
were enrolled in the study and were categorized into two 
groups: those who did not wear helmets (n = 506) and 
those who wore helmets (n = 6,485). The latter group was 
further subdivided according to the types of  helmets used: 
half‑helmets (n = 3,027), open‑face helmets (n = 2,528), 
and full‑face helmets (n = 930). Clinical information 
extracted from the trauma registry system, including 
sex, age, preexisting comorbidities (cerebrovascular 
accident [CVA], hypertension [HTN], coronary artery 
disease, congestive heart failure, diabetes mellitus, 
and end‑stage renal disease), Glasgow Coma Scale, 
Abbreviated Injury Scale (AIS), ISS, and associated injuries 
in the head‑and‑neck regions (cranial fracture, epidural 
hematoma, subdural hematoma [SDH], subarachnoid 
hemorrhage [SAH], intracerebral hematoma [ICH], and 
cervical vertebral fracture). The primary outcome of  this 
study was inhospital mortality. The length of  stay (LOS) 
in the hospital and associated head‑and‑neck injuries were 
assessed as secondary outcomes. The AIS ranks specific 
anatomy‑based injuries in trauma patients on a six‑point 
ordinal scale ranging from minor (1 point), moderate (2 
points), serious (3 points), severe (4 points), critical (5 
points), and unsurvivable injuries (6 points).[35] ISS 
represents the injury severity of  trauma patients according 
to the scores calculated from the sum of  the squares of  
the three highest AIS scores in different body regions.[36,37] 
This study was approved by the Institutional Review 
Board (IRB) of  Chang Gung Memorial Hospital (approval 
number: 202001076B0). The need for informed consent 
was waived according to the regulations of  the IRB owing 
to the retrospective nature of  the analysis of  the registered 
data.

Statistical analysis
All statistical analyses were performed using IBM SPSS 
Statistics for Windows (version 23.0; IBM Corp., Armonk, 
NY, USA). Categorical data were compared using Pearson’s 
Chi‑square test or two‑sided Fisher’s exact test. The 
homogeneity of  variance of  the continuous variables 
was estimated using Levene’s test. Continuous data were 
analyzed using the one‑way analysis of  variance with the 
Games–Howell post hoc test. The results were expressed as 
mean ± standard deviation, with GCS and ISS presented 
as the median and interquartile range (IQR, Q1–Q3). The 

odds ratios (ORs) of  mortality were calculated using 95% 
confidence intervals (CIs). The adjusted odds ratio (AOR) 
of  mortality was calculated using logistic regression analysis 
by controlling for sex, age, and preexisting comorbidities. 
Statistical significance was set at P < 0.05.

RESULTS

Characteristics and outcomes of motorcycle accident 
victims with and without helmets
As shown in Table 1, a significantly higher number of  
patients without helmets were of  the male gender and were 
older than patients with helmets. There was a significantly 
higher prevalence of  preexisting comorbidities: CVA, 
and HTN, in patients without helmets than in those with 
helmets. A significantly lower GCS was found in patients 
without helmets than in those with helmets (median [IQR]: 
15 [14–15] vs. 15 [15–15], respectively; P < 0.001). When 
stratified by GCS (3–8, 9–12, or 13–15), a significantly 
higher number of  patients without helmets had scores of  
3–8 and 9–12, while fewer patients with helmets had scores 
of  13–15. Patients without helmets had a significantly 
higher rate of  AIS ≥2 injuries in the head and face 
regions compared to patients with helmets. In contrast, 
patients without helmets had a significantly lower rate of  
AIS ≥2 injuries in the extremities compared to patients 
with helmets. Based on ISS, patients were stratified into 
1–15, 16–24, and ≥25 groups. In comparison to patients 

Figure 2: Study flowchart illustrating the inclusion of motorcycle riders 
involved in accidents. These patients were divided into two groups: 
Those who wore helmets and those who did not wear helmets. Patients 
who wore helmets were divided into the following groups according to 
the type of helmet used: Half‑helmet, open‑face helmet, and full‑face 
helmet

Formosan Journal of Surgery| Volume 54 | Issue 6 | November-December 2021
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with helmets, the number of  patients without helmets 
in the latter two groups was significantly higher, while 
fewer patients without helmets had scores of  1–15. 
Patients without helmets had a significantly higher ISS 
than those with helmets (median [IQR]: 10 [5–20] vs. 
5 [4–12], respectively; P < 0.001). There was no significant 
difference in the rate of  cervical spine fractures between 
patients with and without helmets. The odds ratio for 
mortality of  patients without helmets was 4.42 times 
higher than that of  patients with helmets (95% CI, 
2.71–7.23; P < 0.001). After adjusting for sex, age, and 
preexisting comorbidities, the AOR for mortality of  
patients without helmets was 3.5 times higher than that 
of  patients with helmets (95% CI, 2.12–5.79; P < 0.001). 
The patients without helmets had a significantly longer 
LOS in the hospital (10.4 days vs. 9.1 days, respectively; 
P = 0.010) than patients with helmets.

Characteristics and outcomes of motorcycle accident 
victims with different types of helmets
Table 2 shows that a significantly higher number of  patients 
wearing half‑helmets and open‑face helmets were women 

in comparison to the full‑face helmet group. Patients 
wearing half‑helmets were significantly older than those 
wearing full‑face helmets, although this difference was 
not observed between the half‑helmet and open‑face 
helmet groups. There was no significant difference in 
GCS scores in patients wearing either half‑helmets or 
open‑face helmets compared to those wearing full‑face 
helmets. When stratified by GCS scores (3–8, 9–12, or 
13–15), there were no significant differences between 
patients wearing half‑helmets and open‑face helmets. 
However, a higher number of  patients wearing open‑face 
helmets had scores of  13–15 compared to those wearing 
full‑face helmets. Regarding trauma with moderate 
injury (AIS ≥2) based on body regions, a significantly 
higher rate of  injuries was found in the head region. 
A lower rate of  injuries in the abdomen and extremities 
was observed in patients wearing half‑helmets compared 
to patients wearing full‑face helmets. However, there were 
no significant differences in the rates of  AIS ≥2 injuries for 
different body regions between patients wearing open‑face 
helmets and full‑face helmets. Further investigation is 
required to elucidate whether the differences observed 

Table 1: Characteristics and outcomes of motorcycle accident riders with and without helmets
Variables Helmet (‑) 

n=506
Helmet (+) 
n=6,485

OR (95% CI) P value

Sex <0.001
Male, n (%) 352 (69.6) 3,582 (55.2) 1.85 (1.52‑2.25)
Female, n (%) 154 (30.4) 2,903 (44.8) 0.54 (0.44‑0.66)

Age (years) 48.5 ±21.6 45.3 ±19.2 ‑ 0.001
Comorbidities

CVA, n (%) 14 (2.8) 94 (1.4) 1.94 (1.10‑3.42) 0.021
HTN, n (%) 141 (27.9) 1,388 (21.4) 1.42 (1.16‑1.74) 0.001
CAD, n (%) 16 (3.2) 163 (2.5) 1.27 (0.75‑2.13) 0.374
CHF, n (%) 2 (0.4) 10 (0.2) 2.60 (0.56‑11.76) 0.207
DM, n (%) 60 (11.9) 824 (12.7) 0.92 (0.70‑1.22) 0.580
ESRD, n (%) 5 (1.0) 65 (1.0) 0.99 (0.40‑2.46) 0.975

GCS, median (IQR) 15 (14‑15) 15 (15‑15) ‑ <0.001
3‑8, n (%) 72 (14.2) 211 (3.3) 4.93 (3.71‑6.56) <0.001
9‑12, n (%) 24 (4.7) 155 (2.4) 2.03 (1.31‑3.16) 0.001
13‑15, n (%) 410 (81.0) 6,119 (94.4) 0.26 (0.20‑0.33) <0.001

AIS≥2
Head, n (%) 237 (46.8) 1,168 (18.0) 4.01 (3.33‑4.83) <0.001
Face, n (%) 112 (22.1) 853 (13.2) 1.88 (1.50‑2.34) <0.001
Thorax, n (%) 78 (15.4) 1,066 (16.4) 0.93 (0.72‑1.19) 0.549
Abdomen, n (%) 33 (6.5) 431 (6.6) 0.98 (0.68‑1.41) 0.914
Extremity, n (%) 256 (50.6) 4,501 (69.4) 0.45 (0.38‑0.54) <0.001
External, n (%) 7 (1.4) 96 (1.5) 0.93 (0.43‑2.02) 0.862

ISS, median (IQR) 10 (5‑20) 5 (4‑12) ‑ <0.001
 1‑15, n (%) 292 (57.7) 5,308 (81.9) 0.30 (0.25‑0.37) <0.001
 16‑24, n (%) 162 (32.0) 823 (12.7) 3.24 (2.65‑3.96) <0.001
 ≥ 25, n (%) 52 (10.3) 354 (5.5) 1.98 (1.46‑2.70) <0.001
Cervical spine fracture 13 (2.6) 96 (1.5) 1.76 (0.98‑3.16) 0.057
Mortality, n (%) 22 (4.3) 66 (1.0) 4.42 (2.71‑7.23) <0.001
AOR of mortality 3.50 (2.12‑5.79) <0.001
LOS in hospital (days) 10.4 ±10.8 9.1 ±9.6 ‑ 0.010

AIS=Abbreviated Injury Scale; AOR=Adjusted Odds ratio; CAD=Coronary artery disease; CHF=Congestive heart failure; CI=Confidence interval; 
CVA=Cerebral vascular accident; DM=Diabetes mellitus; ESRD=End‑stage renal disease; GCS=Glasgow Coma Scale; HTN=Hypertension; 
IQR=Interquartile range; ISS=Injury severity score; LOS=length of stay; OR=Odds ratio. AOR of mortality was calculated by controlling sex, age, 
and comorbidities of the study populations
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were attributed to patients’ characteristics (more patients 
wearing half‑helmets were older and female than those 
wearing full‑face helmets) or the use of  helmets (the 
scenario or response to the accidents may vary among 
patients with different types of  helmets). Patients wearing 
half‑helmets had a significantly higher ISS than patients 
wearing full‑face helmets (open‑face helmets vs. full‑face 
helmets; median [IQR]: 8 [4–13] vs. 5 [4–10], respectively; 
P = 0.035), with a significant difference found in patients 
with an ISS of  16–24. Nonetheless, there was no significant 
difference in the ISS between the patients wearing open‑face 
and full‑face helmets. In addition, when controlling for 
sex, age, and comorbidities, there were no significant 

differences in the AOR for mortality in patients wearing 
either half‑helmets or open‑face helmets in comparison to 
those wearing full‑face helmets (half‑helmets vs. full‑face 
helmets: AOR, 1.10; 95% CI, 0.50–2.45; P = 0.810; 
open‑face helmets vs. full‑face helmets: AOR, 0.70; 95% CI, 
0.29–1.71; P = 0.436). There was no significant difference 
in the LOS in the hospital between patients wearing either 
half‑helmets or open‑face helmets in comparison to those 
wearing full‑face helmets.

Associated head‑and‑neck injuries in motorcycle 
accident victims with different types of helmets
Table 3 shows injuries to the head‑and‑neck regions in 
patients depending on the type of  helmet used. Patients 

Table 2: Characteristics and outcomes of motorcycle accident riders based on helmet type
Variable (Helmet) Half Open face Full face Half vs. Full face Open face vs. Full face

n=3,027 n=2,528 n=930 OR (95% CI) P value OR (95% CI) P value

Sex <0.001 <0.001
Male, n (%) 1,661 (54.9) 1,262 (49.9) 659 (70.9) 0.50 (0.43‑0.59) 0.41 (0.35‑0.48)
Female, n (%) 1,366 (45.1) 1,266 (50.1) 271 (29.1) 2.00 (1.71‑2.34) 2.44 (2.08‑2.87)

Age (years) 52.4±18.1 39.3±17.9 38.7±17.7 ‑ <0.001 ‑ 0.345
Comorbidities

CVA, n (%) 59 (1.9) 25 (1.0) 10 (1.1) 1.83 (0.93‑3.59) 0.075 0.92 (0.44‑1.92) 0.822
HTN, n (%) 926 (30.6) 341 (13.5) 121 (13.0) 2.95 (2.40‑3.62) <0.001 1.04 (0.84‑1.30) 0.714
CAD, n (%) 120 (4.0) 32 (1.3) 11 (1.2) 3.45 (1.85‑6.42) <0.001 1.07 (0.54‑2.13) 0.845
CHF, n (%) 5 (0.2) 3 (0.1) 2 (0.2) 0.77 (0.15‑3.96) 0.752 0.55 (0.09‑3.30) 0.508
DM, n (%) 561 (18.5) 191 (7.6) 72 (7.7) 2.71 (2.10‑3.51) <0.001 0.97 (0.74‑1.29) 0.854
ESRD, n (%) 48 (1.6) 12 (0.5) 5 (0.5) 2.98 (1.18‑7.51) 0.015 0.88 (0.31‑2.51) 0.814

GCS, median (IQR) 15 (15‑15) 15 (15‑15) 15 (15) ‑ 0.906 ‑ 0.097
3‑8, n (%) 109 (3.6) 70 (2.8) 32 (3.4) 1.05 (0.70‑1.57) 0.818 0.80 (0.52‑1.22) 0.300
9‑12, n (%) 72 (2.4) 53 (2.1) 30 (3.2) 0.73 (0.47‑1.13) 0.154 0.64 (0.41‑1.01) 0.054
13‑15, n (%) 2,846 (94.0) 2,405 (95.1) 868 (93.3) 1.12 (0.83‑1.51) 0.445 1.40 (1.02‑1.91) 0.037

AIS≥2
Head, n (%) 646 (21.3) 389 (15.4) 133 (14.3) 1.63 (1.33‑1.99) <0.001 1.09 (0.88‑1.35) 0.429
Face, n (%) 414 (13.7) 332 (13.1) 107 (11.5) 1.22 (0.97‑1.53) 0.087 1.16 (0.92‑1.47) 0.202
Thorax, n (%) 560 (18.5) 359 (14.2) 147 (15.8) 1.21 (0.99‑1.48) 0.061 0.88 (0.72‑1.09) 0.236
Abdomen, n (%) 160 (5.3) 191 (7.6) 80 (8.6) 0.59 (0.45‑0.78) <0.001 0.87 (0.66‑1.14) 0.310
Extremity, n (%) 2,064 (68.2) 1,763 (69.7) 674 (72.5) 0.81 (0.69‑0.96) 0.013 0.88 (0.74‑1.03) 0.118
External, n (%) 41 (1.4) 44 (1.7) 11 (1.2) 1.15 (0.59‑2.24) 0.688 1.48 (0.76‑2.88) 0.245

ISS, median (IQR) 8 (4‑13) 5 (4‑9) 5 (4‑10) ‑ 0.035 ‑ 0.065
 1‑15, n (%) 2,412 (79.7) 2,129 (84.2) 767 (82.5) 0.83 (0.69‑1.01) 0.061 1.13 (0.93‑1.39) 0.218
 16‑24, n (%) 437 (14.4) 277 (11.0) 109 (11.7) 1.27 (1.02‑1.59) 0.036 0.93 (0.73‑1.17) 0.527
 ≥ 25, n (%) 178 (5.9) 122 (4.8) 54 (5.8) 1.01 (0.74‑1.39) 0.933 0.82 (0.59‑1.14) 0.245
Mortality, n (%) 44 (1.5) 14 (0.6) 8 (0.9) 1.70 (0.80‑3.62) 0.165 0.64 (0.27‑1.54) 0.315
AOR of mortality ‑ ‑ ‑ 1.10 (0.50‑2.45) 0.810 0.70 (0.29‑1.71) 0.436
LOS in hospital (days) 9.5±9.7 8.7±9.2 9.2±10.0 ‑ 0.454 ‑ 0.221

AIS=Abbreviated Injury Scale; AOR=Adjusted Odds ratio; CAD=Coronary artery disease; CHF=Congestive heart failure; CI=Confidence interval; 
CVA=Cerebral vascular accident; DM=Diabetes mellitus; ESRD=End‑stage renal disease; GCS=Glasgow Coma Scale; HTN=Hypertension; 
IQR=Interquartile range; ISS=Injury severity score; LOS=length of stay; OR=Odds ratio. AOR of mortality was calculated by controlling sex, age, 
and comorbidities of the study populations

Table 3: Associated headandneck injuries in motorcycle accident riders depending on helmet type
Associated head and neck injuries Half Open face Full face Half vs. Full face Open face vs. Full face

n=3,027 n=2,528 n=930 OR (95% CI) P value OR (95% CI) P value

Cranial fracture, n (%) 98 (3.2) 110 (4.4) 34 (3.7) 0.88 (0.59‑1.31) 0.534 1.20 (0.81‑1.77) 0.364
Epidural hematoma (EDH), n (%) 23 (0.8) 21 (0.8) 12 (1.3) 0.59 (0.29‑1.18) 0.131 0.64 (0.31‑1.31) 0.218
Subdural hematoma (SDH), n (%) 259 (8.6) 145 (5.7) 42 (4.5) 1.98 (1.42‑2.77) <0.001 1.29 (0.91‑1.83) 0.160
Subarachnoid hemorrhage (SAH), n (%) 228 (7.5) 148 (5.9) 38 (4.1) 1.91 (1.35‑2.72) <0.001 1.46 (1.01‑2.10) 0.041
Intracerebral hematoma (ICH), n (%) 88 (2.9) 48 (1.9) 16 (1.7) 1.71 (1.00‑2.93) 0.048 1.11 (0.63‑1.96) 0.730
Cervical vertebral fracture, n (%) 34 (1.1) 25 (1.0) 4 (0.4) 2.63 (0.93‑7.43) 0.058 2.31 (0.80‑6.66) 0.110

CI=Confidence interval; OR=Odds ratio
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wearing half‑helmets had significantly higher odds of  
sustaining SDH (OR, 1.98; 95% CI, 1.42–2.77; P < 0.001), 
SAH (OR, 1.91; 95% CI, 1.35–2.72; P < 0.001), and 
ICH (OR, 1.71; 95% CI, 1.00–2.93; P = 0.048) than those 
wearing full‑face helmets. In addition, patients wearing 
open‑face helmets were significantly more likely to sustain 
SAH (OR, 1.46; 95% CI, 1.01–2.10; P = 0.041) than 
those wearing full‑face helmets. There was no significant 
difference between the rate of  occurrence of  cervical spine 
fractures in patients wearing half‑helmets or open‑face 
helmets compared to those wearing full‑face helmets.

DISCUSSION

Our study results validated the protective function of  
helmets against head injuries in motorcyclists involved 
in traffic accidents. Patients who did not wear a helmet 
had a significantly higher rate of  head injury with an 
AIS ≥2, lower GCS, higher ISS, and higher mortality rate 
compared to patients who wore helmets. Regarding the 
effectiveness of  different types of  helmets on patient 
outcomes, half‑helmets offered significantly less protection 
than full‑face helmets, considering that patients wearing 
half‑helmets had a significantly higher rate of  AIS ≥2 
injuries in the head region and significantly higher odds 
of  sustaining SDH, SAH, and ICH than patients wearing 
full‑face helmets. In addition, there was no significant 
difference in the rate of  head injuries between patients 
wearing open‑face helmets and full‑face helmets. However, 
patients wearing open‑face helmets had higher odds of  
sustaining SAH. Moreover, there were no significant 
differences in GCS after injury or in hospital mortality 
rate and LOS in patients wearing either half‑helmets or 
open‑face helmets than in those wearing full‑face helmets.

Notably, most studies had demonstrated that full‑face 
helmets provide better protection against head injuries than 
other types of  helmets. In a study of  738 motorcyclists 
involved in traffic accidents in Korea, although patients 
wearing full‑face or open‑face helmets had a lower 
maximum AIS score for head injuries than those who 
did not wear a helmet, only patients who used full‑face 
helmets had a reduced incidence of  severe and minor 
head injuries.[38] Another study of  156 motorcycle accident 
victims showed that patients wearing full‑face helmets 
had a significantly reduced occurrence of  traumatic 
brain injuries compared to those wearing open‑face 
helmets.[39] In a meta‑analysis of  six eligible studies, among 
the 6,529 patients involved in motorcycle accidents, the 
occurrence of  head‑and‑neck injuries in patients wearing 
full‑face helmets was significantly lower than in those 
wearing half‑helmets and open‑face helmets.[40] However, 

some studies presented results similar to ours. A study 
of  151 patients involved in motorcycle accidents showed 
that although there was a lower incidence of  traumatic 
brain injury in patients who wore full‑face helmets when 
compared with patients who used other types of  helmets, 
the difference in the incidence of  traumatic brain injury was 
not significant. In addition, there were no differences in ISS, 
LOS, or mortality between the two groups of  patients.[28]

Although an earlier study by Goldstein revealed a higher 
rate of  neck injuries in motorcyclists wearing helmets,[41] 
several studies showed that the use of  helmets was not 
associated with an increased risk of  injury, and even reduced 
the risk of  cervical spine injuries.[10,11,32,42] Previous research 
illustrating the effect of  helmet types on cervical spine injury 
remained controversial. A 1979 study report suggested 
that wearing full‑face helmets may cause an impact force 
that dissipates onto the trunk, thereby reducing the risk 
of  cervical spine injury.[43] In a study of  5225 motorcycle 
accident victims with head injuries, the patients who used a 
helmet, either full‑face or partial‑coverage, had significantly 
reduced cervical spine injuries compared to those who did 
not use helmets.[32] Nonetheless, few studies have revealed 
a significant relationship between helmet type and cervical 
spine injury.[9,14,31,44‑46] In this study, the results showed that 
there was no significant difference in the rate of  cervical 
spine fractures in patients wearing either half‑helmets or 
open‑face helmets than in patients wearing full‑face helmets.

While calculating the AOR of mortality using logistic regression 
analysis, the severity of  injuries in patients was not controlled 
for helmet use and mortality. This adjustment relied on the 
assumption that the incidence of  injuries to body regions 
other than the head was independent of  the occurrence of  
head injuries or the use of  helmets. However, this assumption 
might not be valid in reality.[47,48] Previous studies showed that 
the protection provided by full‑face helmets against head 
injuries would reduce the severity of  injuries to other body 
regions,[33] as well as overall body injury.[38] However, other 
studies demonstrated that there was no difference in the severity 
of  overall body injury between motorcyclists with full‑face 
helmets and other types of  helmets.[28,31] Our findings showed 
a significantly higher ISS in patients wearing half‑helmets than 
in patients wearing full‑face helmets. Nonetheless, there was no 
significant difference in ISS between patients wearing open‑face 
and full‑face helmets. Studies on the association between the 
characteristics and risks of  motorcycle accident‑related injuries 
and the type of  helmet used were limited. However, the severity 
of  the injury might depend on the type of  helmet used. In a 
study of  738 motorcycle accident victims in Korea, riders with 
full‑face helmets were traveling at an overall higher speed at the 
time of  the crash than patients without helmets or with other 
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types of  helmets.[38] Therefore, unknown conditions, including 
speed and crash severity, would be a limitation in the analysis 
of  the registered data in our study.

Our study had other limitations. First, some selection bias 
might be present due to retrospective design of  this study. 
Second, the trauma database did not record the patients 
who were declared dead on arrival at the emergency room. 
Therefore, only inhospital mortality was considered. This 
might lead to selection bias during data analysis. Third, 
interventions such as resuscitation and surgery could lead 
to a different outcome; however, we could only assume 
that the outcome of  management was uniform across the 
studied patients. Fourth, the use of  antiplatelet agents or 
anticoagulants might have an impact on the survival of  
patients with ICH. The lack of  information regarding the 
use of  these drugs in the study population might lead to bias 
in the outcome measurements. Furthermore, motorcyclists 
wearing loosely fastened helmets were reported to have 
a higher risk of  head injuries than those wearing firmly 
fastened helmets.[13] However, factors such as the quality 
of  helmets, improper fastening, or displacement of  the 
helmet during accidents were unknown and might result 
in bias in the outcome measurement. Finally, this study 
only included hospitalized patients; those who had minor 
injuries or who could walk home after the incident were 
excluded because they were not admitted to the hospital or 
did not visit the emergency department. Therefore, sample 
selection bias may arise from reports based on the analysis 
of  police‑reported or emergency room‑reported data.

CONCLUSIONS

This study revealed that protection from head injuries 
provided by half‑helmets was significantly lower than that 
provided by open‑face and full‑face helmets. However, 
there were no significant differences in GCS after injury or 
in the mortality rate and LOS in the hospital for patients 
wearing either half‑helmets or open‑face helmets compared 
to those with full‑face helmets.
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Abstract: Background: Taiwan implemented the post-graduate year (PGY) training to reform the
medical education system to provide holistic medical care after severe acute respiratory syndrome in
2003. In late 2019, COVID-19 quickly spread across the globe and became a pandemic crisis. This
study aimed to investigate whether the establishment of the PGY training had positive effects on
the self-efficacy and emotional traits of medical workers. Methods: One hundred and ten physicians,
including PGY, residents, and visiting staff, were investigated using the General Self-Efficacy Scale
(GSES) and Emotional Trait and State Scale (ETSS), and their feedback and suggestions were collected.
An exploratory factor analysis was done to reduce the factor dimensions using the varimax rotation
method, which was reduced to four factors: “the ability to cope with ease”, “proactive ability”,
“negative emotion”, and “positive emotion”. A comparison with and without PGY training when
facing the COVID-19 pandemic was conducted. Results: Those who had received PGY training
(n = 77) were younger, had a lower grade of seniority, and had less practical experience than those
who had not received PGY (n = 33). Those who had received PGY training had significantly higher
scores for the factors “ability to cope with ease”, “proactive ability”, and “positive emotion” than
those who had not received PGY training. Conclusion: The study revealed that PGY training may
have had positive effects on the personal self-efficacy and emotional traits of physicians coping with
the COVID-19 pandemic.

Keywords: severe acute respiratory syndrome; COVID-19; post-graduate year training; self-efficacy;
emotional traits

1. Introduction

The spread of severe acute respiratory syndrome (SARS) in February 2003 raised panic
and aroused high levels of alert in many medical institutions around the world. It also
severely damaged Taiwan’s medical system, with some hospitals being closed, medical
resources being consumed, and many employees being quarantined in the face of severe
SARS nosocomial infection [1]. During the SARS epidemic, serious deficiencies in public
healthcare and the medical care systems, as well as the medical education system, were also
exposed. At that time, specialized physicians were lacking in training in general medical
skills. The knowledge of the diagnosis, protection, and treatment for some common
diseases was also ignored. Therefore, the Ministry of Health and Welfare of the Taiwan
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government began to implement the post-graduate year (PGY) medical training course
developed by United States in 1970 [2] to reform the medical education system to strengthen
resident education and the quality of medical care [3]. With the aim to provide holistic
medical treatment to people, the PGY residency was designed to solve the problem of
the lack of comprehensive clinical care abilities among medical graduates before their
professional subdivisions [4]. In Taiwan, the three-month PGY training was implemented
in 2003, progressed to six-month PGY training in 2006, and then, entered the full one-year
PGY training in 2011 and two-year training in 2019 [5]. There were around 1300 PGY
trainees in the training courses every year [6]. In Taiwan, participation in PGY training is
necessary for every medical student to obtain a doctor’s license.

The recently emerged COVID-19 is a highly transmittable viral infection caused
by a zoonotic novel coronavirus named severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) [7,8]. The disease first appeared in China in December 2019 and quickly
spread across the globe [8,9]. In facing this emerging infectious disease, medical workers
are not only at high risk of infection but also face a high level of psychological impact
during their daily work, especially when there were still many unknowns about the
spread and prevention of COVID-19 [10,11]. Many studies reported significant emotional
reactions—such as depression, anxiety, and somatic symptoms—to this crisis among
hospital workers [12,13]. These emotional reactions were significantly different among
hospital workers from various educational backgrounds [14].

After SARS, the majority of hospital workers were increasingly aware of personal
hygiene and developed a positive attitude towards dealing with emerging infectious
diseases [15]. In the study of psychological impact of the COVID-19 pandemic, low
perceived stress had been reported in PGY [16] and residents [17]. Therefore, it would
be interesting to know whether the establishment of the PGY training has had positive
effects on the self-efficacy and emotional traits of the medical workers coping with this
crisis. In this study, a questionnaire regarding their feedback and suggestions was also
used to obtain practical advice on the PGY training.

2. Materials and Methods
2.1. Study Design and Sample Estimation

The study included physicians aged equal to or over 20 years who worked in a
hospital, a level I medical center in southern Taiwan [18–20]. These physicians included
PGY, residents, young visiting staff (vs.), and senior vs. The young and senior vs. were
defined arbitrarily by their work experience in the hospital as a vs. for less than and
≥12 years, respectively. Those who were research-related personnel or were supervisors or
subordinates of the researchers were excluded from the study population. The sample size
for this study was calculated using G-power statistical software. A sample size of 110 was
determined by this software with setting of test family by t tests with means of difference
between two independent means (two groups); the α being set to 0.05, the power to 0.70,
the effect size to 0.48, and two-tailed comparison. Before proceeding with the research,
this study was approved by the Institutional Review Board of Chang Gung Memorial
Hospital (approval number 202000772B0). Informed consent was obtained from all patients.
Before obtaining the participants’ consent and proceeding with the data collection, the
researcher explained the research purpose and methods to the participants, guaranteed the
confidential use of data only for research purposes, and ensured that the questionnaires
would be filled in anonymously. Of 118 recruited physicians, finally, 110 (93.2%) physicians
had completed the study. All methods were carried out in accordance with relevant
guidelines and regulations.

2.2. Questionnaires for the Study

The questionnaires for this study included four sections for the participants to fill out
by themselves: (1) the personal information of the participants, (2) the General Self-Efficacy
Scale (GSES), (3) the Emotional Trait and State Scale (ETSS), and (4) their feedback and



Healthcare 2021, 9, 912 3 of 11

suggestions (Supplemental File S1). The sociodemographic characteristics included sex,
age, marital status, seniority (PGY, resident, young vs., and senior vs.), practice experience,
and experience caring for patients with SARS or COVID-19. The GSES was proposed by
Bandura et al. in 1997 [21] with a subsequent revised form comprising 10 questions [22].
The GSES is a single dimension and has no subscale. The participants’ feelings, thoughts,
and actions were used as indicators for the assessment. The scoring was based on the
Likert-type four-point scale scoring method [23] according to the suggestion for scale
construction of the measures of personality and social psychological attitudes [24], with
one point for completely incorrect, two points for correct, three points for mostly correct,
and four points for completely correct. The total score ranged from 10 to 40 points, and a
higher score indicates a better overall self-efficacy stress resistance and adjustment ability
of the participant doctor.

The ETSS originated from the Positive and Negative Affect Schedule (PANAS) to
fill the need for reliable and valid measurement of positive and negative affect [25]. It
consists of 28 questions regarding representative emotional traits to measure the positive
and negative emotional characteristics of the participant. There are 13 questions about
positive emotions and 15 about negative emotions. The positive emotional trait subscale
used hope, autonomy, caring, pleasure, etc., and the negative emotional trait subscale
used helplessness, inferiority complex, anger, and anxiety as the structure for the topic
in the questionnaire. The scoring is based on the Likert-type four-point scale scoring
method, with one point for completely incorrect, two points for correct, three points for
mostly correct, and four points for completely correct. The total score ranges from 28 to
112 points. The higher the score, the better the overall positive emotional traits and state of
the participant.

The section for feedback and suggestions consisted of three open-ended questions:
(1) What ability do you have to take care of patients during the COVID-19 pandemic? (2) To
be competent in caring for patients with COVID-19, what kind of skills (including knowl-
edge, attitude, and value) do you need to have besides the current training system? (3) To
deal with emerging infectious diseases, what courses should be added to the PGY training?

2.3. Data Processing

Before starting the actual research, a pretest was first implemented with a sample
of 30 individuals and presented a content validity index of 0.89 a Cronbach’s α of 0.90.
The validity and internal consistency of the total questionnaire were measured with an
exploratory factor analysis and Cronbach’s alpha [26]. The exploratory factor analysis was
done to reduce the factor dimension via the varimax rotation method [27,28]. Kaiser–Meyer–
Olkin (KMO), a test to determine sample adequacy, and Bartlett’s test of sphericity, a test to
determine the degree of interrelations between variables, were used to confirm whether
the data were suitable for factor analysis [29,30] under the following conditions: KMO
value > 0.7, Bartlett’s test of sphericity p-value < 0.001, and Eigenvalue > 1. Cronbach’s
alpha coefficient was used as an estimate of the internal consistency of the questionnaire.
For the section on feedback and suggestions, the cumulative percentages of the answers to
the questions in the section were counted and expressed as a Pareto chart of the count.

2.4. Statistical Analysis

The statistical analysis was performed using SPSS Windows version 23.0 (IBM Inc.,
Chicago, IL, USA). The categorical data were described with frequency distributions and
percentages and compared using the two-sided Fisher’s exact test or Pearson’s χ2 test. The
normalization of the distributed data for the continuous variables was analyzed using the
Kolmogorov–Smirnov test. Analysis of variance was used with Bonferroni post hoc correc-
tion to analyze continuous data with a normal distribution. The results were expressed
as mean ± standard deviation (SD). The non-normally distributed continuous data were
analyzed using the Mann–Whitney U-test. p values < 0.05 indicated statistical significance.
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3. Results
3.1. Basic Sociodemographic Characteristics of the Study Population

As shown in Table 1, among the 110 participants (49 female and 61 male) in this study,
77 physicians had received PGY training and 33 had not. Regarding the groups of age,
seniority, and practice experience, there was a significant difference between those who
had received and had not received PGY training. Because the PGY training system was set
up in 2003 and most of the participants in this study aged less than 50 years, obviously,
there were more participants who had received the PGY training. Further, those who had
received PGY training were younger, at a lower grade of seniority, and had less practice
experience than those who had not received PGY. In the same way, fewer participants who
had PGY training had the experience of caring for patients with SARS than those who had
not received PGY (22.1% vs. 72.7%, respectively; p < 0.001). In addition, fewer participants
who had PGY training had the experience of caring for patients with COVID-19 than those
who had not received PGY (36.4% vs. 66.7%, respectively; p = 0.027).

Table 1. Sociodemographic characteristics of the study population.

Variables
PGY Training p

Yes (n = 77) No (n = 33)

Age (years) <0.001
21–30, n (%) 52 (67.5) 3 (9.1)
31–40, n (%) 18 (23.4) 6 (18.2)
41–50, n (%) 7 (9.1) 16 (48.5)
≥51, n (%) 0 (0.0) 8 (24.2)
Seniority <0.001

PGY, n (%) 46 (59.7) 0 (0.0)
Resident, n (%) 13 (16.9) 5 (15.2)
Junior vs., n (%) 15 (19.5) 6 (18.2)
Senior vs., n (%) 3 (3.9) 22 (66.6)

Practice experience <0.001
<1 year, n (%) 44 (57.1) 1 (3.0)

1–9 years, n (%) 24 (31.2) 7 (21.2)
10–19 years, n (%) 9 (11.7) 15 (45.5)
≥20 years, n (%) 0 (0.0) 10 (30.3)

Experience caring for patients with SARS <0.001
No, n (%) 60 (77.9) 9 (27.3)
Yes, n (%) 17 (22.1) 24 (72.7)

Experience caring for patients with COVID-19 0.027
No, n (%) 49 (63.6) 11 (33.3)
Yes, n (%) 28 (36.4) 22 (66.7)

PGY = post-graduate year; vs. = visiting staff.

3.2. Factor Analysis of the Questionnaire

Under the criteria of the loadings of the extracted factors > 0.6, the dimension of factors
of the GSES and ETSS was reduced into four factors: “ability to cope with ease” (questions
1–6 of the GSES), “proactive ability” (questions 7–10 of the GSES), “negative emotion”
(questions 1–14 of the ETSS), and “positive emotion” (questions 15–28 of the ETSS). The
overall reliability of the scale, measured using Cronbach’s α coefficient, was 0.94. The
KMO measure of sampling adequacy was 0.924 and 0.897, with Bartlett’s test of sphericity
being p < 0.001 for the GSEG and ETSS, respectively, indicating the appropriateness of the
factor analysis.

3.3. Measurement of the Self-Efficacy and Emotional Traits of the Participants with Different
Seniority Levels

Among the participants with different seniority levels, there was a significant differ-
ence in the factors “ability to cope with ease” and “positive emotion” with a trend that
a higher level of seniority had a higher score for these factors (Table 2). Although there
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was no significant difference in the factors “proactive ability” and “negative emotion”
among the participants with different seniority, there was a trend for the higher level of
seniority to have a higher score for the factor “proactive ability” but a lower score for
“negative emotion”.

Table 2. Measurement of the self-efficacy and emotional traits of the subjects with different seniority
levels in coping with the COVID-19 pandemic. The results were expressed as mean ± standard
deviation (SD).

Variables PGY
(n = 46)

Resident
(n = 18)

Junior vs.
(n = 21)

Senior vs.
(n = 25) p

Ability to
cope with

ease
−0.45 ± 0.97 0.07 ± 0.83 0.38 ± 0.60 0.47 ± 0.71 <0.001

Proactive
ability −0.18 ± 0.87 −0.10 ± 1.02 0.04 ± 0.75 0.37 ± 0.92 0.09

Negative
emotion 0.16 ± 0.93 −0.02 ± 1.07 −0.09 ± 0.77 −0.20 ± 1.10 0.49

Positive
emotion −0.19 ± 0.99 −0.29 ± 0.89 0.23 ± 0.80 0.37 ± 0.92 0.04

3.4. Comparison of the Self-Efficacy and Emotional Traits of the Participants with or without
PGY Training

As shown in Table 3, those who had received PGY training had significantly higher
scores for the factors “ability to cope with ease”, “proactive ability”, and “positive emo-
tion” than those who had not received PGY training. There was no significant difference
regarding the factor “negative emotion” between participants who had or had not received
PGY training.

Table 3. Measurement of the self-efficacy and emotional traits of subjects with or without PGY
training in coping with the COVID-19 pandemic. The results were expressed as mean ± standard
deviation (SD).

Variables
PGY Training p

Yes (n = 77) No (n = 33)

Ability to cope with ease 0.50 ± 0.69 −0.22 ± 0.92 0.001
Proactive ability 0.21 ± 0.86 −0.09 ± 0.81 0.009

Negative emotion −0.07 ± 0.97 0.03 ± 0.97 0.630
Positive emotion 0.33 ± 0.92 −0.14 ± 0.94 0.020

3.5. Comparison of the Self-Efficacy and Emotional Traits of Participants with or without
Experience of Caring for Patients with SARS

As shown in Table 4, those who had experienced caring for patients with SARS had
significantly higher scores for the factors “ability to cope with ease”, “proactive ability”,
and “positive emotion” than those who had no such experience. There was no significant
difference regarding the factor “negative emotion” between participants with or without
experience caring for patients with SARS.

3.6. Comparison of the Self-Efficacy and Emotional Traits of the Participants with or without
Experience of Caring for Patients with SARS in Their Actual Caring for COVID-19 Patients

As shown in Table 5, among the 50 participants who had actually cared for COVID-19
patients, those who had experience caring for patients with SARS had significantly higher
scores for the factors “ability to cope with ease”, “proactive ability”, and “positive emotion”
than those who had no experience caring for patients with SARS. There was no significant
difference regarding the factor “negative emotion” between participants with or without
experience caring for patients with SARS.
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Table 4. Measurement of the self-efficacy and emotional traits of subjects with or without the
experience of caring for patients with SARS in coping with the COVID-19 pandemic. The results
were expressed as mean ± standard deviation (SD).

Variables
Experience Caring for Patients with SARS p

Yes (n = 41) No (n = 69)

Ability to cope with ease 0.33 ± 0.78 −0.19 ± 0.94 0.004
Proactive ability 0.29 ± 0.79 −0.17 ± 0.92 0.006

Negative emotion −0.17 ± 1.00 0.10 ± 0.94 0.151
Positive emotion 0.29 ± 0.90 −0.17 ± 0.95 0.014

Table 5. Comparison of the self-efficacy and emotional traits of subjects with or without the experi-
ence of SARS care in their actual care for COVID-19 patients.

Variables
Experience Caring for patients with SARS p

Yes (n = 26) No (n = 24)

Ability to cope with ease 0.29 ± 0.76 −0.16 ± 0.78 0.045
Proactive ability 0.46 ± 0.74 0.03 ± 0.58 0.026

Negative emotion −0.23 ± 0.76 0.03 ± 0.78 0.232
Positive emotion 0.43 ± 0.87 −0.19 ± 0.72 0.009

3.7. Feedback and Suggestions Section

The cumulative percentages of the answers to the questions in the section for feedback
and suggestions were counted and expressed as a Pareto chart of the count. Regarding
the first question, “What ability do you have to take care of patients during the COVID-19
pandemic?” (Figure 1), the ability with the highest count was clinical care (n = 37), followed
by medical knowledge (n = 27) with the cumulative percentage being 60%, and self-
protection (n = 13) with the cumulative percentage being 72%. The cumulative percentage
reached 99% when we included another six abilities (intubation, teamwork and technical
assistance, calm and pressure resistance, epidemic prevention concept, treatment plan
development, and patient psychological care). Regarding the second question on the skills
required in caring for patients with COVID-19 (Figure 2), the skill with the highest count
was knowledge of epidemic prevention (n = 37), followed by protection course (n = 18)
with the cumulative percentage being 50%, and a calm and positive attitude (n = 15) with
the cumulative percentage being 64%. The cumulative percentage reached 100% when
we included another five abilities (clinical care, resilience, simulation exercise, intubation,
and teamwork). As shown in Figure 3, to deal with emerging infectious diseases, the
most recommended course for addition to the PGY training was self-protection (n = 25),
followed by epidemic medical knowledge (n = 23) with the cumulative percentage being
44%, and a simulation course (n = 19) with the cumulative percentage being 61%. The
cumulative percentage reached 100% when we included another six abilities (isolation
ward care, infection control, ethics, body and mind counseling, a training course, and
extending the PGY training time).
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4. Discussion

This study demonstrated a trend where participants with a higher level of seniority
had a higher score for the self-efficacy factor “ability to cope with ease” and the emotional
trait factor “positive emotion”. Furthermore, although those who had received PGY
training were younger, at a lower grade of seniority, and had less practical experience
than those who had not received PGY, they demonstrated significantly higher scores
for the factors “ability to cope with ease”, “proactive ability”, and “positive emotion”
than those without PGY training, indicating the educational reform of the PGY training
system has enhanced the personal self-efficacy and emotional traits of physicians facing
the COVID-19 pandemic.

Many studies have shown that emotional changes brought on by the stress faced by
physicians affect their physical and mental health, thereby hindering the quality of medical
care and even leading to medical negligence [31–33]. Inappropriate emotional stress can
also impact the bedside skills of health workers [31,32]. High self-efficacy can respond
to and change the process of emotions during stress. In addition, personal self-efficacy
also affects the expectation of results [34,35]. It has been well researched that positive
emotions act as a restraining mechanism in the relationship between behavior and expected
results [36,37]. People who think they have the ability to complete a task will expect a
smooth and perfect result when they try to achieve a goal [35]. Furthermore, emotion
is one of the sources of personal self-efficacy [38]. Positive emotions can strengthen an
individual’s ability to solve problems and produce positive actions [33], even in uncertain
and risky medical situations [39]. On the contrary, negative emotions suppress personal
thoughts, narrow attention and cognition, and instill the belief that certain situations are
difficult to control, making people afraid to act [36,37]. In this study, there was no significant
difference regarding the factor “negative emotion” between participants who had or had
not received PGY training. Likewise, studies in Singapore have also showed that PGY
doctors [16] and residents [17] who started their clinical work reported low perceived stress
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in facing the COVID-19 pandemic [40]. The positive influence on the increased ability to
cope with ease, emotional trait factor, and positive emotion of these trainees from this new
residency system may support the value of the PGY training system on the enhancement
of the personal self-efficacy and emotional traits of physicians.

The occurrence of emotional problems may be affected by multiple factors, such as a
low personal tolerance threshold for pressure, inappropriate response measures, a lack of
support systems, or a heavy work burden [41]. The pressure on front-line health workers
in caring for SARS patients is attributed to their lack of care knowledge, experience, and
protection, as well as their fear of infection [39]. Such pressure is a significant predictor of
problematic health conditions [42]. This study revealed that those who had the experience
of caring for patients with SARS had significantly higher scores for the factors “ability
to cope with ease”, “proactive ability”, and “positive emotion” than those who had no
experience in coping with the COVID-19 pandemic or in actually caring for COVID-19
patients. This information may indicate the value of redesigning core content of the PGY
training to include a simulation course in caring for such patients [43]. According to the
investigation of the feedback and suggestions section, a simulation course was also the
third most frequently suggested course to be added to the PGY training system. Likewise,
in this study, clinical care, medical knowledge, and self-protection were the top three most
counted abilities that the physicians thought they possessed in caring for patients during
the COVID-19 pandemic. However, epidemiological knowledge and protection are still
two of the most important skills, and related courses are in high demand. This may reflect
the importance of such skills in the opinions of the participants. Further, the addition
of another six abilities, including isolation ward care, infection control, ethics, body and
mind counseling, a training course, and extending the PGY training time, was expected to
make the PGY training course more complete, implying the requirement of newer courses
regarding issues of self-care, protection, and mindfulness.

5. Limitations of This Study

This study had some limitations. First, the results of this research based on one medical
center may not be generalizable to other medical institutions. Second, in the study, not
only the age, practical experience, and seniority were investigated but also the persons per
se had an impact on the scores for the self-efficacy and emotional traits of the participants;
however, these variables were not controlled as a matched study population to investigate
the influence of PGY training on the outcome, and this may have led to some bias in the
outcome measurement. Third, this study was limited by recall bias and response bias.
Fourth, the content of the scale used in this study may not have covered the connotations of
physician-specific self-efficacy and emotional traits. Further, with relatively small patient
population, this study population was slightly underpowered as it has only 70% power.
Last, the age and gender of the physicians may play a confounder for the analysis in this
study. It would be better if a greater number of younger physicians without PGY training
could be recruited for study. However, because most of the younger physician had received
the training course since the implementation of PGY training, this goal was not able to
be achieved.

6. Conclusions

The study revealed that PGY training may have a positive effect on the personal
self-efficacy and emotional traits of physicians coping with the COVID-19 pandemic.
Similar trainings could be replicated in other larger settings to have a positive impact while
responding to pandemics such as COVID-19.
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Purpose: Severe trauma may lead to the systemic release of inflammatory mediators into 
the circulation with profound acute-phase responses; however, the understanding of the 
expression of these mediators remains limited. This study aimed to characterize the altera-
tions in the expression of circulating acute-phase proteins, cytokines, and checkpoint proteins 
in patients with severe trauma injuries.
Patients and Methods: The study population included trauma patients in the intensive care 
unit (ICU) with an injury severity score equal to or greater than 16 and who had used 
a ventilator for 48 hours. A total of 12 female and 28 male patients were recruited for the 
study; six patients died and 34 survived. Blood samples collected at acute stages were 
compared with those drawn at the subacute stage, the time when the patients were discharged 
from the ICU, or before the discharge of the patients from the hospital.
Results: The study identified that the expression of acute-phase proteins, such as alpha- 
1-acid glycoprotein and C-reactive protein, and cytokines, including granulocyte colony- 
stimulating factor, interleukin-6, and interleukin-1 receptor antagonist, was elevated in the 
circulation after severe trauma. In contrast, the levels of acute-phase proteins, such as alpha- 
2-macroglobulin, serum amyloid P, and von Willebrand factor, and cytokines, including 
interleukin-4 and interferon gamma-induced protein 10, were reduced. However, there 
were no significant differences in the expression of checkpoint proteins in the circulation.
Conclusion: The dysregulated proteins identified in this study may serve as potential 
therapeutic targets or biomarkers for treating patients with severe trauma. However, the 
related biological functions of these dysregulated factors require further investigation to 
validate their functions.
Keywords: circulation, inflammatory reaction, biomarkers, severe trauma, critical illness

Introduction
Tissue damage during trauma results in the release of damage-associated molecular 
patterns and other mediators at the site of injury. Such mediators disrupt the 
homeostasis of the immune system and may activate various immune responses 
with downstream complications, such as infections and sepsis. To adapt and 
survive, hosts react with a set of mechanisms aimed at restoring the equilibrium 
of the immune system. The acute phase response of the innate immune system 
plays a crucial role in trauma1 and is demonstrated by the change in circulating 
acute-phase protein levels; this may explain the differences in susceptibility to 
infectious organisms.2 The systemic acute phase response might impair host 

Correspondence: Ching-Hua Hsieh  
Department of Plastic Surgery, Kaohsiung 
Chang Gung Memorial Hospital and Chang 
Gung University College of Medicine, 
No. 123, Ta-Pei Road, Niao-Song District, 
Kaohsiung, 833, Taiwan  
Tel +886-7-7327476  
Fax +886-7-3450431  
Email m93chinghua@gmail.com

Journal of Inflammation Research 2021:14 3739–3753                                                     3739
© 2021 Wu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Journal of Inflammation Research                                                         Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 9 June 2021
Accepted: 28 July 2021
Published: 6 August 2021

Jo
ur

na
l o

f I
nf

la
m

m
at

io
n 

R
es

ea
rc

h 
do

w
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/ b
y 

10
4.

14
4.

10
5.

11
4 

on
 0

6-
A

ug
-2

02
1

F
or

 p
er

so
na

l u
se

 o
nl

y.

Powered by TCPDF (www.tcpdf.org)

http://orcid.org/0000-0002-0984-6921
http://orcid.org/0000-0002-0945-2746
mailto:m93chinghua@gmail.com
http://www.dovepress.com/permissions.php
https://www.dovepress.com


defense against P. aeruginosa pneumonia3 and inhibit the 
local inflammatory response to A. baumannii pneumonia, 
thereby facilitating the outgrowth of bacteria.4

Trauma leads to the systemic release of inflammatory 
mediators into the circulation from norepinephrine term-
inals in peripheral organs such as the liver, spleen, and 
lymphocytes.5,6 These cytokines from severely injured 
trauma patients systemically regulate cytokine expression 
in the bone marrow stroma,7 resulting in the prolonged 
mobilization of hematopoietic progenitor cells from the 
bone marrow stroma8 into the circulation and to the site 
of injury.9–11 These cytokines are involved in the early 
systemic inflammatory response as well as in the compen-
satory anti-inflammatory response that occurs later. An 
imbalance in these responses is responsible for the devel-
opment of sepsis or multiple organ failure.12,13 In addition 
to the participation of these cytokines in inflammatory 
processes, they are also the chief stimulators of acute- 
phase proteins.14

The balance of the immune system is controlled by 
checkpoint regulators in the body. The checkpoint regula-
tors are membrane-bound proteins that serve as 
a secondary signal to direct the immune response to 
a particular antigen.15 In the absence of such signals, the 
immune response is neither activated nor attenuated.15 

After the modification of the immune response over time, 
these checkpoint regulators enable the unique response of 
immune cells to various environmental conditions.16 For 
example, after burn injury, anti-programmed cell death 
ligand-1 (anti-PD-L1) effectively increases bacterial clear-
ance, protects against multiple organ failure, and improves 
survival following systemic S. aureus infection.17 In addi-
tion, activation of the PD-1/PD-L1 pathway with PD-L1 
protein significantly attenuates inflammatory responses 
and brain edema in the treatment of surgical brain 
injury.18,19

Although patients who succumb to severe injuries are 
known to have profoundly different inflammatory and 
acute-phase responses, the understanding of these pro-
cesses remains limited.20 There is also a lack of informa-
tion on the expression of immune checkpoint proteins 
following severe traumatic injury. Cytokines and cytokine 
receptors operate together with the produced acute-phase 
proteins in a cascade effect to influence the pathophysio-
logical response of the body following trauma.1 Therefore, 
the characterization of these proteins may help in the 
identification of therapeutic targets or biomarkers for 
patients with severe trauma. Accordingly, the present 

study aimed to characterize the alterations in the expres-
sion of circulating acute-phase proteins, cytokines, and 
checkpoint proteins in patients who experienced severe 
trauma.

Patients and Methods
Patients Enrollment
Only patients who satisfied the following three conditions 
were included in this study: (1) adult trauma patients aged 
20 years and above who were admitted to the trauma ICU, 
(2) patients with an injury severity score (ISS) equal to or 
greater than 16, indicating severe injury;21–23 and (3) the 
use of ventilator support for more than 48 h. Exclusion 
criteria included patients with cancer, those who were 
immunocompromised, or were not willing to be involved 
in this study. Finally, 40 critical adult trauma patients 
admitted to the hospital between December 2017 and 
December 2018 were enrolled in this study. This prospec-
tive study was approved by the institutional review board 
of the hospital. All patients signed a written consent before 
blood sample collection.

Clinical Data and Specimen Collection
The medical information of patients was collected from 
the Trauma Registry System of the hospital24–26 and 
included sex, age, pre-existing comorbidities, abbreviated 
injury scale (AIS) in different body regions, ISS, period of 
ventilator use, and final condition (mortality or survival). 
From the medical charts, the vital signs, including tem-
perature, systolic blood pressure (SBP), heart rate (HR), 
and respiratory rate (RR) at the time of blood collection 
were recorded with the laboratory data, including white 
blood cell (WBC) and platelet counts, and hematocrit 
(Hct), sodium (Na), potassium (K), blood urine nitrogen 
(BUN), creatinine (Cr), aspartate aminotransferase (AST), 
and bilirubin levels. The Revised Trauma Score (RTS) was 
calculated by taking the weighted sum of 0.9368 × 
Glasgow Coma Scale (GCS) score + 0.7326 × SBP + 
0.2908 × RR.27 The trauma and injury severity score 
(TRISS) was calculated based on a logarithmic regression 
equation: survival probability = 1/(1+ e-b), where 
b (penetrating injury) = −2.5355 + 0.9934 × RTS - 
0.0651 × ISS - 1.1360 × Age(index) and b (blunt injury) 
= −0.4499 + 0.8085 × RTS - 0.0835 × ISS - 1.7430 × 
Age(index). In the formula, age (index) is awarded 1, 
where patients above 55 and patients below and of 55 
are awarded 0.27 When the patients were admitted to the 

https://doi.org/10.2147/JIR.S324056                                                                                                                                                                                                                                    

DovePress                                                                                                                                                 

Journal of Inflammation Research 2021:14 3740

Wu et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)

Jo
ur

na
l o

f I
nf

la
m

m
at

io
n 

R
es

ea
rc

h 
do

w
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/ b
y 

10
4.

14
4.

10
5.

11
4 

on
 0

6-
A

ug
-2

02
1

F
or

 p
er

so
na

l u
se

 o
nl

y.

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


trauma ICU and had used a ventilator for 48 h, peripheral 
blood samples were collected prospectively after this time 
point but within 72 h after admission into the ICU. The 
blood samples drawn at this time point are indicated as 
acute-stage samples. Another peripheral blood sample 
from the same patient population was drawn from the 
patients in the ward just before discharge from the hospi-
tal, after they had left the ICU. The blood samples drawn 
at this time point are indicated as subacute-stage samples. 
A second blood sample was not drawn from patients who 
died in the ICU. Ten mL of the fasting blood was drawn 
from the veins of the forearm. Serum was obtained from 
peripheral blood samples using Becton Dickinson Serum 
Separator Tubes (BD Vacutainer® SST™ Tube, BD 
Diagnostics, Franklin Lakes, NJ) with no additives, cen-
trifuged, collected, aliquoted, and immediately frozen at 
−80 °C until use.

Multiplex Enzyme-Linked Immunosorbent 
Assay (ELISA)
Serum protein expression was measured using the 
Multiplex platform (Luminex system, Millipore, MA) for 
ELISA with panels of human acute-phase proteins (human 
cardiovascular panel 3, Cat. No. HCVD3MAG-67K), 
human cytokines, and chemokines (human cytokine/che-
mokine panel I, Cat. No. HCYTOMAG-60K), and human 
checkpoint protein (human immune checkpoint protein, 
Cat. No. HCKPMAG-11K) in duplicate for each patient 
sample, according to the manufacturer’s protocol. The 
inter- and intra-assay percentages of the coefficients of 
variability (%CV) are listed in Supplemental Table 1.

The acute-phase proteins included alpha-2-macroglo-
bulin (A2M), alpha-1-acid glycoprotein (AGP), adipsin/ 
factor D, C-reactive protein (CRP), fetuin-A, fibrinogen, 
haptoglobin, sL-selectin, platelet factor 4 (PF4), serum 
amyloid P (SAP), and von Willebrand factor (vWF). 
The concentration of serum proteins was expressed in 
pg/mL.

The cytokines and chemokines included soluble CD40 
ligand (sCD40L), epidermal growth factor (EGF), eotaxin, 
fibroblast growth factor 2 (FGF-2), FMS-like tyrosine 
kinase 3 (FLT3) ligand, fractalkine, granulocyte colony- 
stimulating factor (G-CSF), granulocyte-macrophage col-
ony-stimulating factor (GM-CSF), growth-related onco-
gene (GRO), interferon α2 (IFN-α2), IFNγ, interleukin 
(IL)-1α, IL-1β, IL-1RA, IL-2, IL-3, IL-4, IL-5, IL-6, IL- 
7, IL-8, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL- 

15, IL-17A, interferon gamma-induced protein 10 (IP-10), 
monocyte chemotactic protein 1 (MCP-1), MCP-3, macro-
phage-derived chemokine (MDC), macrophage inflamma-
tory protein 1α (MIP-1α), MIP-1β, platelet-derived growth 
factor (PDGF)-AA, PDGF-AB/BB, RANTES, tumor 
necrosis factor α (TNF-α), TNF-β, and vascular endothe-
lial growth factor (VEGF)-A.

The checkpoint proteins include B- and T-lymphocyte 
attenuator (BTLA), cluster of differentiation (CD)27, CD28, 
CD40, CD80, CD86, cytotoxic T-lymphocyte antigen 4 
(CTLA-4), glucocorticoid-induced TNFR-related protein 
(GITR), glucocorticoid-induced TNFR-related protein ligand 
(GITRL), herpes virus entry mediator (HVEM), inducible 
T-cell co-stimulator (ICOS), lymphocyte-activation protein 3 
(LAG-3), programmed cell death 1 (PD-1), programmed cell 
death ligand 1 (PD-L1), T-cell immunoglobulin and mucin- 
domain containing-3 (TIM-3), and Toll-like receptor 2 
(TLR2).

Statistical Analysis
Data were analyzed using Windows version 23.0 (IBM 
Inc., Chicago, IL, USA). Two-sided Fisher’s exact or 
Pearson’s chi-squared (χ2) tests were used to compare 
categorical data. Continuous data were analyzed using 
the non-parametric Mann–Whitney U-test. Pearson’s cor-
relation coefficient analysis was carried out to measure the 
correlation between patient characteristics and differen-
tially expressed protein targets at the acute and subacute 
stages. Continuous data are expressed as the median and 
interquartile range (IQR, Q1–Q3). Statistical significance 
was indicated by two-sided p values < 0.05.

Results
Patient Characteristics
The enrolled patients included 12 female and 28 male patients 
with an average age of 56.3 ± 18.4 years (mini-max 22–84 
years). During the study, six patients died, and 34 survived. 
For surviving patients, the time between the first (acute stage) 
and second (subacute stage) blood sample collection was 21.1 
± 8.9 days. As shown in Table 1, there were no significant 
differences in the age and prevalence of sex or pre-existing 
comorbidities between the survival and death groups. In these 
two groups, there were no significant differences in vital signs 
and laboratory data. No significant difference was also found 
between the death and survival of patients with AIS in 
different body regions, ISS, RTS, or TRISS.
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Table 1 Characteristics of Patients in the Survival and Death Groups

Variables Survival n = 34 Death n = 6 P-value

Age (years) 56.5 [37.5, 65.5] 68.0 [59.8, 80.0] 0.072

Gender

Male, n (%) 24 (70.6) 4 (66.7) >0.999
Female, n (%) 10 (29.4) 2 (33.3)

Co-morbidities

DM, n (%) 6 (17.6) 0 (0.0) 0.565

HTN, n (%) 9 (26.5) 4 (66.7) 0.075
CAD, n (%) 3 (8.8) 1 (16.7) 0.493

CVA, n (%) 1 (2.9) 1 (16.7) 0.281

AIS (head/neck) 0.835

0 6 (17.6) 1 (16.7)

2 2 (5.9) 0 (0.0)
3 2 (5.9) 0 (0.0)

4 14 (41.2) 2 (33.3)

5 10 (29.4) 3 (50.0)

AIS (face) 0.473

0 27 (79.4) 6 (100.0)
1 1 (2.9) 0 (0.0)

2 6 (17.6) 0 (0.0)

AIS (thorax) 0.867

0 23 (67.6) 4 (66.7)

1 1 (2.9) 0 (0.0)
3 8 (23.5) 2 (33.3)

4 2 (5.9) 0 (0.0)

AIS (abdomen) 0.623

0 26 (76.5) 6 (100.0)

3 2 (5.9) 0 (0.0)
4 4 (11.8) 0 (0.0)

5 2 (5.9) 0 (0.0)

AIS (extremity) 0.779

0 20 (58.8) 5 (83.3)

1 1 (2.9) 0 (0.0)
2 7 (20.6) 1 (16.7)

3 5 (14.7) 0 (0.0)

4 1 (2.9) 0 (0.0)

Temperature (oC) 36.5 [36.0, 37.3] 36.6 [36.0, 37.3] 0.594

SBP (mmHg) 142.0 [112.8, 163.8] 140.0 [106.5, 152.5] 0.691

Heart rate (times/min) 93.5 [75.0, 112.5] 86.0 [85.0, 117.8] 0.955

Respiratory rate (times/min) 20.0 [18.0, 21.8] 19.0 [18.0, 23.0] 0.893

WBC (103/uL) 11.9 [9.7, 14.6] 10.3 [8.9, 14.3] 0.677

Hct (%) 41.1 [37.3, 44.7] 40.8 [37.3, 43.9] 0.910

Platelet (103/uL) 208.0 [189.5, 232.5] 206.0 [174.8, 256.8] 0.850

Na (mEq/L) 138.0 [135.3, 139.8] 137.5 [135.3, 139.8] 0.717

(Continued)
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Expression of the Acute Phase Proteins
There was no significant difference in the acute-phase pro-
teins of acute-stage serum samples between survival (n = 34) 
and death (n = 6). The acute-stage serum concentrations of 
AGP (P  =  0.001) and CRP (P <  0.001) were significantly 
higher than those in the subacute-stage serum (Table 2 and 
Figure 1). The elevation of CRP in the acute stage of either 
survival or even death was approximately 3-fold higher than 
that in the subacute stage. Conversely, the acute-stage serum 
concentrations of A2M (P  =  0.002), SAP (P  =  0.006), and 
vWF (P  =  0.018) in the surviving patients (n = 34) were 
significantly lower than those in the subacute-stage serum.

Expression of the Cytokines and 
Chemokines
The acute-stage serum concentrations of G-CSF and IL-6 in 
the patients who died were significantly higher than those in 
the acute-stage serum of the surviving patients (Table 3 and 
Figure 2). Among patients who died, the elevation of G-CSF 
and IL-6 in the acute stage was 5-fold (P  = 0.008) and 6-fold 
(P  =  0.013), respectively, compared to those of the surviving 
patients. The acute-stage serum concentrations of G-CSF and 
IL-6 in surviving patients were 3-fold (P  =  0.014) and 6-fold 
(P  <  0.001) higher, respectively, than those in the subacute 
stage. The acute-stage serum concentrations of IL-1RA (P  =  

Table 1 (Continued). 

Variables Survival n = 34 Death n = 6 P-value

K (mEq/L) 3.7 [3.2, 3.9] 3.1 [2.7, 3.6] 0.119

BUN (mg/dL) 16.0 [12.0, 19.8] 17.5 [15.3, 22.0] 0.426

Cr (mg/dL) 0.9 [0.8, 1.3] 1.0 [0.9, 1.2] 0.705

AST 44.5 [32.0, 95.5] 66.0 [49.5, 138.0] 0.272

Bilirubin (mg/dL) 0.9 [0.6, 1.0] 1.1 [0.9, 1.3] 0.164

ISS 24.5 [18.5, 25.0] 20.5 [16.0, 31.8] 0.552

RTS 6.6 [5.8, 7.4] 5.5 [5.1, 6.3] 0.258

TRISS 0.85 [0.64, 0.95] 0.83 [0.40, 0.88] 0.437

Note: The data are expressed as n (%) or median with IQR [Q1–Q3]. 
Abbreviations: AIS, Abbreviated Injury Scale; AST, aspartate aminotransferase; BUN, blood urea nitrogen; CAD, coronary artery disease; CI, confidence interval; CVA, 
cerebral vascular accident; DM, diabetes mellitus; Hct, hematocrit; HTN, hypertension; IQR, interquartile range; ISS, injury severity score; K, potassium; Na, sodium; RTS, 
Revised Trauma Score; TRISS, New Trauma and Injury Severity Score; WBC, white blood cells.

Table 2 Expression of the Acute Phase Proteins in the Acute-Stage and Subacute-Stage Serum Samples

Variables Acute Stage Subacute Stage #1 P #2 P

Survival n = 34 Death n = 6 Survival n = 34

A2M 821,565 (279,981) 1,050,820 (371,744) 993,596 (254,318) 0.099 0.002

Adipsin 5270 (5735) 5138 (2306) 5107 (5749) 0.256 0.213
AGP 2,810,213 (1,175,978) 2,897,929(1,224,919) 2,054,879 (626,089) 0.895 0.001

CRP 360,253 (146,016) 378,844 (192,584) 124,470 (127,898) 0.636 <0.001

CXCL4 1000 (1671) 969 (1130) 1248 (1791) 0.647 0.236
Fetuin A 148,099 (85,979) 123,914 (19,340) 133,187 (69,341) 0.925 0.504

Fibrinogen 594,995 (243,066) 601,345 (69,059) 539,928 (154,057) 0.609 0.094

Haptoglobin 1,417,150 (985,468) 1,988,356 (662,764) 1,360,112 (1,174,957) 0.175 0.559
sL-Selectin 572 (256) 557(124) 683 (239) 0.583 0.062

SAP 11,969 (6243) 110,010 (4965) 15,628 (7458) 0.895 0.006

vWF 21,461 (12,118) 24,547 (16,434) 31,892 (21,588) 0.691 0.018

Notes: #1, comparison between surviving and dead patients in the acute stage; #2, comparison between surviving patients in the acute and subacute stages. The 
concentration of serum proteins is expressed in pg/mL. 
Abbreviations: A2M, α-2-Macroglobulin; AGP, α-1-Acid glycoprotein; CRP, C-reactive protein.

Journal of Inflammation Research 2021:14                                                                                          https://doi.org/10.2147/JIR.S324056                                                                                                                                                                                                                       

DovePress                                                                                                                       
3743

Dovepress                                                                                                                                                              Wu et al

Powered by TCPDF (www.tcpdf.org)

Jo
ur

na
l o

f I
nf

la
m

m
at

io
n 

R
es

ea
rc

h 
do

w
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/ b
y 

10
4.

14
4.

10
5.

11
4 

on
 0

6-
A

ug
-2

02
1

F
or

 p
er

so
na

l u
se

 o
nl

y.

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


0.013) were significantly higher than those in the subacute- 
stage serum. In contrast, the acute-stage serum concentra-
tions of IL-4 (P  =  0.017) and IP-10 (P =  0.006) were 
significantly lower than those in the subacute-stage serum 
(Table 3 and Figure 1).

Expression of the Checkpoint Proteins
There were no significant differences in the checkpoint 
proteins in the acute-stage serum samples between 
patients who survived and those who died. In addition, 
there were no significant differences in serum checkpoint 

Figure 1 Circulating acute-phase proteins and cytokines with significantly different expression in the acute-stage and subacute-stage serum samples of the surviving patients.
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Table 3 Expression of the Cytokines and Chemokines in the Acute-Stage and Subacute-Stage Serum Samples

Variables Acute Stage Subacute Stage #1 P #2 P

Survival n = 34 Death n = 6 Survival n = 34

EGF 6.88 (8.99) 4.11 (2.22) 11.49 (21.73) 0.679 0.522

Eotaxin 66.31 (36.88) 57.66 (10.04) 73.25 (51.68) 0.925 0.615

FGF-2 61.20 (50.32) 53.48 (29.47) 57.22 (47.32) 0.880 0.883

Flt3 Ligand 9.02 (19.59) 3.20 (0.00) 11.90 (25.34) 0.072 0.714

Fractalkine 71.92 (285.23) 34.32 (24.05) 58.23 (206.74) 0.149 0.487

G-CSF 65.63 (102.74) 311.67 (268.99) 22.85 (47.31) 0.008 0.014

GM-CSF 6.65 (4.30) 7.01 (4.33) 8.34 (8.16) 0.789 0.656

GRO 253.50 (255.26) 210.90 (158.34) 404.26 (360.27) 0.748 0.138

IFNα2 15.01 (23.51) 17.67 (11.34) 15.85 (13.70) 0.227 0.127

IFNγ 14.05 (14.25) 6.11 (2.84) 15.79 (20.67) 0.280 0.615

IL-1RA 64.82 (100.69) 120.42 (125.44) 26.14 (34.11) 0.218 0.013

IL-1α 16.08 (20.31) 19.16 (24.18) 41.79 (81.35) 0.875 0.077

IL-1β 3.83 (3.66) 3.64 (1.08) 4.96 (5.96) 0.561 0.152

IL-2 3.69 (1.73) 3.20 (0.00) 4.40 (4.83) 0.081 0.544

IL-3 3.26 (0.33) 3.20 (0.00) 3.20 (0.00) 0.057 0.167

IL-4 9.55 (8.91) 8.54 (4.29) 34.15 (46.77) 0.922 0.017

IL-5 3.47 (1.13) 3.71 (1.24) 3.49 (1.17) 0.717 0.762

IL-6 63.79 (107.17) 380.26 (782.47) 10.29 (11.22) 0.013 <0.001

IL-7 6.76 (12.70) 4.05 (2.01) 5.76 (14.08) 0.407 0.654

IL-8 9.31 (12.09) 11.75 (14.01) 5.38 (3.55) 0.772 0.054

IL-9 3.20 (0.00) 3.20 (0.00) 3.15 (0.29) 0.176 1.000

IL-10 28.23 (62.96) 28.78 (29.44) 18.82 (51.26) 0.894 0.051

IL-12 (p40) 3.92 (2.49) 4.31 (2.71) 7.83 (17.12) 0.855 0.495

IL-12 (p70) 7.58 (15.97) 3.83 (0.99) 8.10 (23.93) 0.455 0.230

IL-13 3.38 (0.68) 4.31 (2.72) 6.56 (11.87) 0.513 0.921

IL-15 4.97 (1.86) 4.28 (1.58) 3.78 (1.48) 0.471 0.352

IL-17A 10.88 (11.17) 3.83 (1.37) 9.35 (11.29) 0.249 0.202

IP-10 665.43 (654.66) 837.46 (883.24) 1194.04 (1016.73) 0.925 0.006

MCP-1 606.00 (857.73) 1287.40 (2169.67) 358.61 (296.53) 0.748 0.069

MCP-3 7.72 (8.44) 5.56 (3.59) 10.35 (23.09) 0.516 0.478

MDC 293.65 (131.59) 251.75 (168.99) 390.28 (326.88) 0.507 0.150

MIP-1α 4.80 (3.08) 5.67 (3.95) 4.95 (3.41) 0.486 1.000

(Continued)
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proteins between the acute and subacute stage samples 
(Table 4).

Correlation Analysis
To attenuate the confounding effect of patient characteristics 
on the expression of circulating proteins. Pearson’s correlation 
analysis was performed to measure the correlation between 
patient characteristics and differentially expressed protein 
targets. The correlations with significant expression of at 
least a moderate correlation coefficient (r > 0.4) are shown 
in Figure 3. Specific attention would be focused on those 
markers that only had correlation at the acute stage but not 
at the subacute stage, that is, vWF and AST (r = 0.46), G-CSF 
and HTN (r = 0.41), RTS (r = −0.47), IL-6 and RR (r = 0.46), 
RTS (r = −0.43), and IP-10 and BUN (r = 0.54), and Cr (r = 
0.40). No correlation of these significantly expressed markers 

with gender, AIS in different body regions, and ISS was found 
both in the acute and subacute stages.

Discussion
The study revealed elevated levels of acute-phase proteins 
AGP and CRP but decreased levels of A2M, SAP, and 
vWF in the circulation of patients after severe trauma. In 
addition, the serum concentrations of cytokines G-CSF, 
IL-6, and IL-1RA were increased, and the levels of IL-4 
and IP-10 decreased. However, there were no significant 
differences in the levels of checkpoint proteins in the 
circulation.

The expression of G-CSF and IL-6 following trauma 
has received increased research attention. G-CSF is 
a potent stimulator of hematopoietic mobilization in 
response to inflammatory stimuli and plays a pivotal 

Table 3 (Continued). 

Variables Acute Stage Subacute Stage #1 P #2 P

Survival n = 34 Death n = 6 Survival n = 34

MIP-1β 38.97 (33.73) 42.32 (15.18) 29.67 (27.17) 0.156 0.082

sCD40L 358.71 (1115.32) 71.88 (42.82) 187.68 (305.94) 0.179 0.213

TGFα 3.66 (1.71) 3.20 (0.00) 3.32 (0.70) 0.280 0.940

TNFα 23.87 (20.10) 29.41 (16.92) 21.70 (15.20) 0.140 0.844

TNFβ 4.06 (3.34) 3.47 (0.65) 6.65 (14.25) 0.663 0.714

VEGF 79.62 (91.55) 76.37 (79.77) 83.45 (103.23) 0.761 0.995

Notes: #1, comparison between surviving and dead patients in the acute stage; #2, comparison between surviving patients in the acute and subacute stages. The 
concentration of serum proteins is expressed in pg/mL.

Figure 2 Circulating cytokines with significantly different expression in the acute-stage serum samples of the surviving and dead patients.
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role in the expansion and differentiation of neutrophils in 
the bone marrow and their subsequent release into the 
blood circulation.28 A significant positive correlation 
between injury severity and circulating levels of G-CSF 
was found in patients with trauma.7,29,30 Patients in shock 
would have a 75-fold increase in G-CSF levels compared 
to those in the control group.31 Trauma patients with 
burns or sepsis have a similar increase in circulating 
G-CSF levels.29,32 Elevated G-CSF levels result in early 
and sustained mobilization of hematopoietic progenitor 
cells into the periphery in patients with severe trauma.31 

Therefore, G-CSF is likely to respond to abnormal ery-
thropoiesis after trauma,31 in which the anemic state per-
sists in the bone marrow and lasts for at least two 
weeks.33

In addition, G-CSF is required for bacterial clearance. 
During acute infection, G-CSF is detected in the blood, 
along with the release of proinflammatory cytokines.34 

G-CSF is released by monocytes and macrophages upon 
activation by endotoxins during infection.35 Higher G-CSF 

levels were associated with a three-fold greater incidence 
of acquired pneumonia and sepsis in hospitals.31 Likewise, 
in this study, the serum concentrations of G-CSF and IL-6 
in patients who died were significantly higher than those in 
the surviving patients. Notably, depletion of endogenous 
G-CSF in vivo would make the animal more susceptible to 
experimental peritonitis than the control36 and lack of 
G-CSF was associated with a higher rate of sepsis.37 

A clinical trial has shown that G-CSF treatment in patients 
with septic shock is associated with a dramatic improve-
ment in patient survival.38 In brief, the level of G-CSF 
correlated with the severity of the injury in trauma 
patients, and the increased G-CSF acts to encounter stress 
with the mobilization of hematopoietic progenitor cells 
into the periphery. Higher morbidity and mortality may 
be encountered if G-CSF activation is blocked.

After trauma, prolonged and excessive elevations of 
circulating IL-6 levels have been reported and are highly 
associated with complications and mortality in 
patients.39,40 IL-6 is primarily synthesized by bone 

Table 4 Expression of the Checkpoint Proteins in the Acute-Stage and Subacute-Stage Serum Samples

Variables Acute Stage Subacute Stage #1 P #2 P

Survival n = 34 Death n = 6 Survival n = 34

BTLA 1366 (1778) 1666 (1749) 1287 (1550) 0.557 0.713

CD27 8116 (12,323) 10,150 (5563) 7601 (18,287) 0.078 0.312

CD28 9457 (11,003) 11,410 (10,557) 8557 (9425) 0.449 0.917

CD40 884 (1611) 1061 (712) 1110 (2609) 0.092 0.339

CD80/B7-1 265 (337) 344 (412) 249 (288) 0.691 0.504

CD86/B7-2 1719 (2120) 2291 (2498) 1919 (1959) 0.609 0.194

CTLA-4 153 (263) 207 (308) 204 (258) 0.746 0.422

GITR 231 (458) 283 (516) 291 (407) 0.835 0.086

GITRL 580 (681) 735 (835) 713 (664) 0.880 0.087

HVEM 3567 (5185) 5004 (3528) 3277 (5257) 0.072 0.937

ICOS 1184 (1652) 1375 (1642) 1182 (1364) 0.438 0.139

LAG-3 34,676 (34,291) 45,725 (39,062) 32,732 (26,711) 0.719 0.544

PD-1 1474 (2178) 1893 (2307) 1749 (2103) 0.460 0.083

PD-L1 141 (243) 176 (258) 166 (225) 0.472 0.054

TIM-3 6265 (7223) 9086 (8117) 567 (5442) 0.099 0.893

TLR-2 2420 (2659) 2772 (2713) 2227 (2441) 0.583 0.917

Notes: #1, comparison between surviving and dead patients in the acute stage; #2, comparison between surviving patients in the acute and subacute stages. The 
concentration of serum proteins is expressed in pg/mL.
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marrow stromal fibroblasts33,41 which also participate in 
cytokine regulation.42,43 Hemorrhagic shock can induce 
elevation of IL-6 and TNF-α, both of which in turn med-
iate the endogenous production of G-CSF.44 After trau-
matic brain injury, IL-6 levels are elevated within hours of 
injury5,45 and up to 2.4-fold in three hours, 3.7-fold in 24 
hours, and 7.9-fold on the fifth day compared to the con-
trol subjects.46 IL-6 stimulates B cells to produce antibo-
dies and inhibits insulin action through modification of 
insulin receptor signaling, thus increasing hypermetabolic 
and insulin resistance in the liver and skeletal muscle.47 

IL-6 is also responsible for the induction of acute-phase 
inflammatory responses via stimulation of the liver to 
produce acute-phase proteins.47 A higher serum level of 

IL-6 is associated with the development of post-traumatic 
stress symptoms following injury.48,49 In patients with 
severe injuries, this increase in IL-6 may persist longer.50 

In a study of 472 blunt trauma survivors, IL-6 production 
was affected over seven days post-injury by MCP-1, MIG, 
and IP-10 in patients with severe ISS, MCP-1, and MIG in 
patients with moderate ISS, and MIG alone in patients 
with mild ISS.39 Similarly, higher IL-6 plasma levels in 
trauma patients tend to lead to complications or death.51

CRP is a sensitive marker for detecting the acute phase 
of inflammation. It has been reported that after trauma, 
blood CRP levels are markedly increased during all peri-
ods of observation.46 In this study, the elevation of CRP 
was approximately three-fold higher in the serum of the 

Figure 3 Correlation of the differentially expressed circulating proteins with patient characteristics in the first (acute stage) and second (subacute stage) measurement of 
the samples.
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acute stage than in the subacute stage. A major function of 
CRP is to bind phosphocholine and thus recognize phos-
pholipid constituents of damaged cells and that of foreign 
pathogens.7 The formation of these protein-ligand com-
plexes would then be removed by mononuclear macro-
phages. Other pro-inflammatory effects of CRP include 
the induction of inflammatory cytokines and tissue factors 
in monocytes.1 CRP and SAP belong to the pentraxin 
family of proteins and are involved in the activation of 
the complement cascade.52 SAP is a physiological and 
functional counterpart of CRP in humans.53 During sys-
temic inflammation, substantial induction of serum SAP 
was observed.53 SAP is also released into the circulation in 
correlation with its antimicrobial and anti-inflammatory 
activities.54,55 The primary pathophysiological function 
of SAP is to modulate nuclear antigens that are exposed 
to the extracellular environment due to apoptosis or 
necrosis.56

In addition to CRP and SAP, three other acute-phase 
proteins (AGP, A2M, and vWF) were dysregulated in the 
acute stage after traumatic injury. AGP levels in acute 
trauma patients have been shown to exceed normal 
levels.57 Administration of AGP was reported to signifi-
cantly reduce neutrophil accumulation, lipid peroxidation, 
and edema formation during resuscitation against trauma- 
hemorrhagic shock.58 Decreased A2M was noted due to 
hemodilution by fluid treatment, first extravasation and 
accumulation of proteins at the wound site, and altered 
hepatic protein production.59 The severity of trauma and 
the extent of wound tissue induces a parallel decrease in 
both albumin and A2M.59 In addition, vWF plays an impor-
tant role in both hemostasis and thrombosis. A decreased 
plasma level of vWF points to a bleeding disorder.60

In this study, the dysregulated cytokines included 
increased levels of IL-1RA and decreased levels of IL-4 
and IP-10. IL-1 is an important mediator of inflammation 
and cardiovascular disease,43,61,62 and its activity is modu-
lated by IL-1RA, which has been reported to increase in the 
plasma one day following trauma.63 Endogenous IL-1RA 
suppresses occlusive vascular responses to injuries, such as 
atherosclerosis and restenosis.64 The absence of IL-1RA 
promotes neointimal formation after injury in mice. 
Furthermore, it has been reported that IL-4 levels are sig-
nificantly lower in orthopedic trauma patients than in 
controls.40 IL-4 has been suggested to be an anti- 
inflammatory cytokine and works with other regulatory cyto-
kines such as TGF-β and IL-10 to reduce the severity of the 
inflammatory reaction.13 In addition, IP-10 has been reported 

to be suppressed during injury.65 Levels of IP-10 in the 
circulation were significantly lower in human blunt trauma 
nonsurvivors than in survivors.66 The signaling mechanism 
that controls IP-10 expression also plays an important role in 
injury-induced inflammation.66

Considering that the patient characteristics, such as age, 
sex, pre-existing comorbidities, and injured regions, may 
present a confounder’s effect on the expression of circulating 
proteins,67 correlation analysis was performed to inspect the 
relationships of the significantly expressed protein targets 
and various patient characteristics. The results revealed that 
there was no correlation of these significantly expressed 
proteins with gender, AIS in different body regions, and 
ISS both in the acute and subacute stages. Interestingly, in 
the acute stage, the expression of some circulating proteins is 
correlated with the underlying conditions of the patients, 
such as the correlation between vWF and liver disease,68 

G-CSF and HTN,69 IL-6 and dyspnea,70 as well as IP-10 
and acute kidney injury71 has been recognized in the litera-
ture. Moreover, because the calculation of RTS was based on 
GCS, SBP, and RR [27], the relationship between RTS and 
G-CSF, which was correlated with HTN, as well as IL-6, 
which was correlated with RR, can be recognized.

Cytokines and cytokine receptors operate both as 
a cascade and as a network to stimulate the production 
of acute-phase proteins.1 The effects of cytokines on target 
cells may be inhibited or enhanced by other cytokines, 
hormones, cytokine-receptor antagonists, and circulating 
receptors.7 In addition, these cells are most likely exposed 
and are influenced by a combination of mediators, regard-
less of acute-phase proteins or cytokines. The identified 
dysregulated proteins in this study may serve as potential 
therapeutic targets or biomarkers for treating patients with 
severe trauma. However, the related biological functions 
of these dysregulated factors require further investigation 
to validate their functions. Furthermore, the measurement 
of these identified significantly dysregulated circulating 
proteins in a large scale numbers of cohort of patients 
with severe trauma and patients with ISS scores less than 
16 would provide more valuable information for exploring 
the role of these proteins. In this study, there were no 
significant differences in the expression of checkpoint 
proteins in the circulation. Immune checkpoints are 
a normal part of the immune system to prevent an over-
reactive immune response that destroys healthy cells.72 

This study did not identify evidence of involvement of 
the surveillance system of immune checkpoints to combat 
the immune response of patients who sustained severe 
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trauma. However, further measuring of the expression of 
immune checkpoint proteins in T cells or immune cells of 
patients is encouraged.

This study has some limitations. First, conditions such 
as resuscitation, damage control, surgical intervention, and 
even the use of drugs such as beta-blockers, antihyperten-
sive drugs, and hypoglycemic drugs may lead to a bias. 
Second, the circulating proteins were dynamic in nature, 
and the conclusions drawn from a single measurement or 
two measurements may differ from those drawn from 
multiple measurements averaged over time. Further, the 
study population was relatively small to depict a complex 
network condition of these circulating proteins; thus, it can 
only serve as a pilot study. Finally, the population included 
in this study was limited to a single urban trauma center. 
However, the identified dysregulated proteins in this study 
may serve as potential therapeutic targets or biomarkers 
for treating patients with severe trauma, although the 
related biological functions of these dysregulated factors 
require further investigation to validate their function. 
Furthermore, the measurement of these identified signifi-
cantly dysregulated circulating proteins in cohorts consist-
ing of a large number of patients with severe trauma and 
patients with ISS scores less than 16 would provide more 
valuable information for exploring the role of these 
proteins.

Conclusion
The study identified that the levels of acute-phase proteins, 
such as AGP and CRP, and cytokines, such as G-CSF, IL- 
6, and IL-1RA, were elevated in the circulation after 
severe trauma, while the levels of acute-phase proteins, 
such as A2M, SAP, and vWF, and cytokines, including IL- 
4 and IP-10, were reduced. These identified dysregulated 
proteins may serve as potential therapeutic targets or bio-
markers for treating patients with severe trauma.
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Abstract: Exosomes secreted by adipose-derived stem cells (ADSCs) enhance angiogenesis and
wound healing. However, in clinical settings, wounds may be infected by various bacteria or
pathogens. We investigated whether human ADSCs stimulated with lipopolysaccharide (LPS) secrete
exosomes (ADSC-LPS-exo) that augment the angiogenesis of human umbilical vein endothelial cells
(HUVECs). ExoQuick-TC exosome precipitation solution was used to purify exosomes from human
ADSC culture media in the presence or absence of 1 µg/mL LPS treatment for 24 h. The uptake
of ADSC-LPS-exo significantly induced the activation of cAMP response element binding protein
(CREB), activating protein 1 (AP-1), and nuclear factor-κB (NF-κB) signaling pathways and increased
the migration of and tube formation in HUVECs. RNA interference with CREB, AP-1, or NF-κB1
significantly reduced the migration of and tube formation in HUVECs treated with ADSC-LPS-
exo. An experiment with an antibody array for 25 angiogenesis-related proteins revealed that only
interleukin-8 expression was significantly upregulated in HUVECs treated with ADSC-LPS-exo. In
addition, proteomic analysis revealed that eukaryotic translation initiation factor 4E, amyloid beta A4
protein, integrin beta-1, and ras-related C3 botulinum toxin substrate 1 may be potential candidates
involved in ADSC-LPS-exo-mediated enhanced angiogenesis.

Keywords: angiogenesis; endothelial cell; exosome; adipose-derived stem cells; lipopolysaccharide;
proteomic analysis; cAMP response element binding protein; nuclear factor-κB; activating protein 1;
interleukin-8

1. Introduction

Cell-based therapies, such as those comprising adipose-derived stem cells (ADSCs),
are considered promising for improving wound healing [1], even in difficult situations such

Int. J. Mol. Sci. 2021, 22, 8877. https://doi.org/10.3390/ijms22168877 https://www.mdpi.com/journal/ijms

https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-0984-6921
https://orcid.org/0000-0002-8192-0129
https://orcid.org/0000-0002-0945-2746
https://doi.org/10.3390/ijms22168877
https://doi.org/10.3390/ijms22168877
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms22168877
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms22168877?type=check_update&version=1


Int. J. Mol. Sci. 2021, 22, 8877 2 of 18

as chronic diabetic wounds [2,3] and irradiated wounds [4,5]. ADSCs have also been iden-
tified within subcutaneous tissues [6], because they play a pivotal role in maintaining the
structure of skin tissues [7] and improving skin repair and regeneration [8,9]. In addition,
ADSCs secrete a rich secretome to enhance cell differentiation, proliferation, migration,
and tissue regeneration in the cellular microenvironment [10–13]. From the secretome,
the exosomes secreted by ADSCs (ADSC-exo) are considered the main components of
paracrine signaling and the main contributors to stem cell efficacy [14]. ADSC-exo has been
demonstrated to accelerate cutaneous wound healing by promoting vascularization, tissue
regeneration, proliferation, and the re-epithelialization of skin cells [13,15–17].

Exosomes are small lipid bilayer vesicles that are 305–150 nm in diameter and function
to mediate intercellular communication by transporting proteins, nucleic acids, and lipids
into the recipient cells, thus changing the behavior of the target cells [18,19]. Many clinical
studies have demonstrated that exosomes secreted by autologous or allogeneic mesenchy-
mal stem cells (MSCs) and ADSCs can enhance the healing process of chronic wounds
by inducing angiogenesis and tissue regeneration [20,21]. Exosomes released by MSCs
can promote bone regeneration by enhancing angiogenesis [22]. In addition, exosomes
released from educated MSCs accelerate cutaneous wound healing by promoting angio-
genesis [23,24]. However, in clinical settings, wounds may be infected by various bacteria.
Even though the ADSC-exo-loaded alginate hydrogel [25] or engineered ADSC-exo [15,26]
have been used to promote wound healing, one main question remains unanswered and
less explored: whether the exosomes secreted by ADSCs in the absence or presence of
various stimulators inside the infected wound present the same ability to enhance angio-
genesis and promote wound healing. One of the most studied bacterial surface molecules
is the glycolipid, lipopolysaccharide (LPS), which is produced by most Gram-negative bac-
teria [27,28]. Many Gram-negative bacterial species, such as E. coli [29], P. aeruginosa [30,31]
and S. marcescens [30], which secrete LPS, commonly infect chronic wounds. LPS is a bacte-
rial endotoxin component responsible for wound infection; therefore, the present in vitro
study was designed to determine whether exosomes secreted by ADSCs following LPS
stimulation (ADSC-LPS-exo) could enhance the angiogenesis of endothelial cells compared
with ADSC-exo. In addition, we employed isobaric tags for the relative and absolute
quantitation (iTRAQ) of the protein content of the designed exosomes to determine the
potential exosomal proteins mediating the effect and mechanism of action.

2. Results
2.1. Characterization of Isolated Exosomes

When compared with proteins isolated from the culture medium, the isolated exo-
somes secreted by ADSCs expressed positive exosomal surface markers, including CD9,
CD81, flotillin-1, and TSG101, with no expression of the negative control protein calnexin,
as determined by Western blotting (Figure 1A). Transition electron microscopy (TEM)
revealed that the exosomes displayed a cup-shaped appearance and were composed of
lipid bilayers with acceptable quality in terms of size range and morphology (Figure 1B).
An average size of 96.8 ± 39.7 nm was found in the measurements of size distribution of
the exosomes in dynamic light scattering (DLS), with a single peak distribution and a PDI
of approximately 0.76 (Figure 1C). The quality of the isolated exosomes was good, with a
relatively uniform size distribution.
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Figure 1. Characterization of exosomes isolated by (A) Western blotting for determining the exo-
somal surface markers of those proteins isolated from the culture medium and exosomes secreted
by ADSCs. The selected positive exosomal surface markers included CD9, CD81, flotillin-1, and
TSG101. Expression of calnexin was detected as negative control protein for the isolation of exosomes.
(B) Transmission electron microscopy image displaying a cup-shaped appearance of the exosomes
with lipid bilayers, and (C) the measurement of particle diameter and size distribution by dynamic
light scattering (DLS) in triplicates.

2.2. Uptake of ADSC-exo into HUVECs

The uptakes of labeled exosomes by the cultured HUVECs were found following the
incubation of the exosomes with HUVECs for 24 h (Figure 2). The green fluorescence of
CFSE and red fluorescence of AO found inside the cells revealed the uptake of protein and
RNAs, respectively, of the ADSC-exo into the HUVECs.

2.3. Induction of Signal Transduction Pathways after ADSC-LPS-exo Treatment

As shown in Figure 3, the experiments with Cignal Finder Reporter Arrays in HUVECs,
which could detect 45 signal transduction pathways encoded by firefly luciferase reporter
genes, revealed that the uptake of ADSC-LPS-exo significantly induced the activation of
CREB, AP-1, and NF-κB signal transduction pathways in cells transfected with ADSC-exo.
The expression of CREB, AP-1, and NF-κB1 genes in HUVECs following ADSC-LPS-exo
treatment was effectively knocked down by the transfection of pooled siRNAs for CREB,
AP-1, and NF-κB1 (Figure 4).
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Figure 2. Confocal imaging of the uptake of labeled, purified ADSC-exo (30 µg) by HUVECs (Exosome) against those cells
treated with medium (Control). The green fluorescence of CFSE and red fluorescence of AO found inside the cells indicated
the uptake of protein and RNAs, respectively, by the ADSC-exo into the HUVECs. DAPI: 4′,6-diamidino-2-phenylindole;
CFSE: carboxyfluorescein succinimidyl diacetate ester; AO: acridine orange.
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Figure 3. Activated signal transduction pathways in Cignal Finder Reporter Arrays at 24 h after the uptake of ADSC-
LPS-exo into HUVECs, compared to those treated with ADSC-exo. The reporter array had 45 inducible transcription
factor-responsive constructs, which controlled firefly luciferase reporter gene expression, in duplicate, in a 96-well plate.
The Renilla luciferase gene was included in the wells for the normalization of transfection efficiency. (*, a p-value < 0.05 with
at least 5-fold expression of the luminescence).

2.4. Angiogenesis after ADSC-LPS-exo Treatment

In comparison with the HUVECs transfected with scramble siRNAs and treated with
ADSC-exo, the cell migration and tube formation of HUVECs transfected with 10 nM
siRNA-CREB, siRNA-AP-1, siRNA-NF-κB1, or scramble siRNAs, followed by ADSC-LPS-
exo treatment, were measured. The results revealed that HUVECs treated with ADSC-
LPS-exo had significantly enhanced cell migration (Figure 5) and tube formation (Figure 6),
which manifested as increased total vessel lengths and the total number of junctions
detected by Angiotool, compared to those treated with ADSC-exo. In addition, transfection
with siRNA-CREB, siRNA-AP-1, and siRNA-NF-κB1 significantly decreased the enhanced
cell migration and tube formation following ADSC-LPS-exo treatment.
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Figure 4. RT-qPCR was performed to validate the effective knockdown of the CREB, AP-1 and NF-
κB1 genes of HUVECs by the transfection of pooled siRNAs for CREB, AP-1, and NF-κB1 from 10 nM
to 40 nM, followed by 30 µg ADSC-LPS-exo treatment for 24 h. The HUVECS treated with ADSC-
LPS-exo alone were used as controls. The HUVECs treated with scramble siRNA first, followed by
ADSC-LPS-exo treatment were used as mock control. n = 6 for each condition. (*, a p-value < 0.05
with at least 2-fold reduced expression of the gene).
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Figure 5. (A), Cell migration into the gap created by Culture-Inserts in the culture plate coated with 1% gelatin for HUVECs
transfected with 10 nM siRNA-CREB, siR-NA-AP-1, siRNA-NF-κB1, or scramble siRNAs. The silicone insert was carefully
removed 24 h later, leaving a 500 µm cell-free gap. Thereafter, 30 µg ADSC-exo or ADSC-LPS-exo was added to the wells.
An Olympus CKX41 microscope (Olympus) was used to capture the migration distance of cells to the cell-free zone at 0,
2, 4, 8, and 15 h. Image J was used to calculate the area of migration of cells. (B), The bar plot indicates the percentage of
migration area of the gap measured at 8 h following exosome treatment. n = 6 for each condition. (*, a p-value < 0.05 with at
least a 2-fold difference).
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Figure 6. (A), After the seeding of FBS-MEM199 at a density of 1 × 104 cells/well in 100 µL culture medium onto a
96-well plate coated with 50 µL Matrigel per well, tube formation was detected in the HUVECs transfected with 10 nM
siRNA-CREB, siR-NA-AP-1, siRNA-NF-κB1, or scramble siRNAs, followed by ADSC-LPS-exo (30 µg) treatment as well as
in those HUVECs transfected with scramble siRNA and treated with ADSC-exo (30 µg). (B), The bar plots indicate the total
vessel length measured by Angiotool at 6 h following exosome treatment. (C), The bar plots indicate the total number of
junctions measured by Angiotool at 6 h following exosome treatment. n = 6 for each condition. (*, a p-value < 0.05 with at
least a 2-fold difference).

2.5. Expression of Angiogenesis-Related Proteins

The Proteome Profiler Human Angiogenesis Antibody Array was used to measure
the expression of angiogenesis-related proteins in HUVECs following treatment with 30 µg
ADSC-LPS-exo against those treated with ADSC-exo at the same dosage. Of the measured
25 human angiogenesis-related proteins, only interleukin-8 (IL-8) was significantly upregu-
lated (Figure 7), by around threefold in HUVECs following treatment with ADSC-LPS-exo
compared to ADSC-exo. There were no significant changes in the other 52 angiogenesis-
related proteins between HUVECs treated with ADSC-LPS-exo and ADSC-exo.
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Figure 7. Relative expression of angiogenesis-related proteins in the cell lysates of HUVECs following treatment with 30 µg
ADSC-LPS-exo or ADSC-exo was detected in quadruplicates using The Proteome Profiler Human Angiogenesis Antibody
Array, which can detect 25 human angiogenesis-related proteins simultaneously with chemiluminescent detection reagents
(*, a p-value < 0.05 with at least a 2-fold difference).

An iTRAQ-based quantitative proteomic analysis was used to analyze the expres-
sion of exosomal proteins in the ADSC-exo and ADSC-LPS-exo samples (n = 2). The
exosomes were labeled with 4-plex iTRAQ reagents of varying masses (114–117). In total,
1190 proteins were identified, with 168 exosomal proteins having more than 2-fold dys-
regulated expression (Supplementary File S1). Of these 168 exosomal proteins, 88 were
upregulated and 80 were downregulated in ADSC-LPS-exo vs. ADSC-exo. The biological
functions of the upregulated genes were determined using the Gene Ontology and Kyoto
Encyclopedia of Genes and Genomes databases. The upregulated genes were particularly
enriched in the top ten pathways (Supplementary File S2): metabolic pathways (23 pro-
teins), PI3K-Akt signaling pathway (14 proteins), ECM–receptor interaction (12 proteins),
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focal adhesion (11 proteins), human papillomavirus infection (10 proteins), pathways in
cancer (10 proteins), proteoglycans in cancer (9 proteins), protein digestion and absorption
(8 proteins), carbon metabolism (8 proteins), and phagosome (7 proteins). We imported the
PPI data into Cytoscape and constructed a PPI network of exosomal proteins (Figure 8) to
identify the top ten hub proteins, defined as proteins with the highest degree of connec-
tivity. These ten hub proteins included 60S ribosomal protein L4 (RPL4), 40S ribosomal
protein S28 (RPS28), 40S ribosomal protein S26 (RPS26), 26S protease regulatory subunit
6A (PSMC3), pre-mRNA-processing factor 19 (PRPF19), small nuclear ribonucleoprotein
E (SNRPE), eukaryotic translation initiation factor 4E (EIF4E), amyloid beta A4 protein
(APP), integrin beta-1 (ITGB1), and ras-related C3 botulinum toxin substrate 1 (RAC1).
Among these, four proteins, EIF4E, APP, ITGB1, and RAC1, are known to be involved
in angiogenesis.
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 Figure 8. PPI network of 168 exosomal proteins (88 upregulated and 80 downregulated in ADSC-LPS-
exo vs. ADSC-exo) identified from the iTRAQ experiments. The PPI networks were constructed by
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3. Discussion

Many studies have demonstrated that ADSCs can enhance wound healing in chronic
wounds [32–34] or diabetic wounds [2,35]. Our findings revealed that pretreatment of AD-
SCs with LPS can produce exosomes carrying potent molecules for enhanced angiogenesis.
This phenomenon is related to the activation of CREB, AP-1, and NF-κB signal transduction
pathways and IL-8 production in recipient HUVECs during exosome treatment. Proteomic
analysis of ADSC-LPS-exo revealed the notable presence of EIF4E, APP, ITGB1, and RAC1,
which may be potential candidates involved in exosome-mediated enhanced angiogenesis.

NF-κB, AP-1, and CREB are known to play a pivotal role in angiogenesis because
multiple transcription factor-binding sites for NF-κB, AP-1, CREB, and hypoxia-inducible
factor (HIF) have been identified within the vascular endothelial growth factor (VEGF)
promoter [36]. Although NF-κB and AP-1 are at the receiving end of different signaling
pathways, they are often activated by the same stimuli and simultaneously regulate com-
mon target genes implicated in angiogenesis [37–39]. For example, NF-κB can mediate
VEGF regulation via the AP-1 subunit c-Fos [40] and another AP-1 sub-unit, JunB [37]. The
cAMP pathway is known to stabilize endothelial barrier function and maintain vascular
physiology. CREB activation, with CREB binding to the VEGF promoter region, is essential
for VEGF expression [41–45]. Promoter analysis revealed that the deletion of the CREB
site in the proximal region of the promoter markedly reduced VEGF-induced promoter
activity, whereas deletion of the upstream NF-κB site had a moderate effect [46]. In addition
to angiogenesis [47], CREB is involved in multiple signaling pathways that regulate cell
differentiation, proliferation, and migration [48].

IL-8 is a pro-inflammatory chemokine that belongs to the CXC sub-family and has
been shown to enhance angiogenesis, increase proliferation and survival, and promote
the migration of endothelial cells [49–51]. In addition, it correlates with angiogenesis in
in vivo models [52,53]. The human IL-8 gene is transcriptionally regulated by NF-κB, AP-1,
CREB, CAAT/enhancer-binding protein β (C/EBPβ, also known as NF-IL-6), and C/EBP
homologous protein (CHOP) [54]. IL-8 expression is primarily regulated by NF-κB-and/or
AP-1-mediated transcriptional activity [52,55]. In Trichomonas vaginalis infection, NF-κB
and CREB are involved in IL-8 production in human neutrophils [56]. Human neutrophils
may promote angiogenesis via a paracrine feedforward mechanism involving endothelial
IL-8 [51]. The biological effects of IL-8 are mediated through the binding of IL-8 to two cell-
surface G-protein-coupled receptors, termed as CXCR1 and CXCR2 [49,57,58], with a high
affinity [59]. It has been reported that HUVECs constitutively express CXCR1 and CXCR2
mRNA and proteins. Recombinant human IL-8 induced endothelial cell proliferation
and capillary tube formation, whereas the neutralization of IL-8 by anti-IL-8 antibody
blocked IL-8-mediated capillary tube formation [50]. The mechanism of IL-8 angiogenesis
regulation may be due to the enhanced proliferation and survival of endothelial cells by
the differential expression of anti-apoptotic genes and, in part, by the activation of MMP-2
and MMP-9 [50].

Proteomic analysis revealed that EIF4E, APP, ITGB1, and RAC1 may be potential can-
didates for ADSC-LPS-exo-mediated enhanced angiogenesis. In eukaryotes, most mRNAs
are translated in a cap-dependent manner. The mRNA 5′ cap-binding protein EIF4E is a
key player in controlling mRNA translation, a critical process in regulating cell growth,
proliferation, and differentiation. Overexpression of EIF4E results in a dramatic increase
in VEGF and fibroblast growth factor-2 (FGF-2), two potent angiogenic agents [60,61]. In
contrast, blocking EIF4E signaling selectively inhibited angiogenesis in human endothelial
cells in vitro [62] and in vivo [63,64].

APP has been reported to be highly expressed in the endothelium of neoforming
vessels [65]. The proteolytic cleavage product of APP by β-and γ-secretases mediates
sprouting angiogenesis and the formation of new blood vessels [66]. In addition, inhibitors
of β-and γ-secretases would inhibit angiogenesis [65].

ITGB1 is a membrane-anchored subunit of many integrins that serve as mechanosen-
sory proteins in endothelial cells [67,68]. Integrins are heterodimeric transmembrane re-
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ceptors that mediate cell–cell interactions and crosstalk between cells and the extracellular
matrix [69]. ITGB1 is essential for blood vessel formation during embryonic development,
postnatal vascular remodeling, and vessel maturation [70–72]. Loss- and gain-of-function
studies have shown that endothelial ITGB1 is involved in angiogenesis and vessel wall
remodeling [70,71]. Antibody blockades demonstrate that ITGB1 is functionally important
for the migration of endothelial cells [73].

RAC1 is a GTPase that belongs to the RAS superfamily of small GTP-binding proteins
(Rho GTPases), which act as molecular switches that transduce extrinsic stimuli into
cytoskeletal rearrangements [74]. In endothelial cells, RAC1 controls cell migration and
cell–cell junctions, thereby regulating the permeability and formation of vessels [75]. A
study revealed that IL-8-upregulated RAC1 increased the migration of HUVECs [76]. In the
early stage of metastasis, oncogenic cells undergoing epithelial–mesenchymal transition can
communicate with endothelial cells via exosomal Rac1/PAK2 as angiogenic promoters [77].

Although recent reports have implicated exosomes to act in intercellular signaling,
their effect in modulating signaling pathways in recipient cells is far from being completely
elucidated. Outlining these complex networks may expand our knowledge of the un-
derlying mechanisms involved in the function of exosomes under different stimuli for
intercellular communication. However, the current understanding of these “discarded
cargoes” is quite limited. EV cargo composition is complex and consists of hundreds to
thousands of different proteins, unique lipids, some DNA and mRNA, microRNA, small
nucleolar RNA, mitochondrial RNA, and long non-coding RNA (lncRNA) [78]. Although
it has been implied that exosomal cargo appears to act in a combinatorial manner when
communicating with the recipient cells [79], the molecular cargo mediates specific functions
of the exosomes and they do so singly or in combination with other exosomal cargoes,
which are still unknown. In addition, whether all exosome cargoes are selectively sorted
upon various stimuli to act in different environments remains to be determined.

Furthermore, other limitations of this study should be acknowledged. First, 168 abundant
exosomal proteins with 10 hub proteins were identified in ADSC-LPS-exo. The four proteins
that are suggested to explain the function of angiogenesis were based on a literature search.
It cannot be excluded that angiogenesis may be induced partly or synergistically by other
exosomal proteins. In addition, Western blot analyses of each protein or phosphorylated
protein with investigation of the function of these proteins on endothelial cells is necessary
to confirm the conclusions. Moreover, the effect on angiogenesis by exosomes secreted
from ADSCs upon LPS stimulation may rely on factors other than the protein cargo inside
exosomes, such as microRNAs [80,81] or lncRNAs [82], which are known to mediate the
function of ADSCs on angiogenesis, and should be considered accordingly. Furthermore,
LPS, the stimulator used in this study, is only one of a common bacterial toxin component
in infectious wounds. This study only investigated one endotoxin found in a complex
bacterial wound. Thus, it is considerably different from the milieu that mimics a bacte-
rial wound. There are many other bacterial or fungal components, such as lipoproteins,
lipoteichoic acid (LTA; Gram-positive bacteria only), lipoarabinomannan (mycobacteria
only), zymosan (yeast), single- or double-stranded RNAs, and flagellin, whose modula-
tory effects on exosomes secreted by ADSCs remain unexplored. As such, in vivo studies
may be necessary to provide valuable information regarding the function of ADSC-exo in
complex wounds.

4. Materials and Methods
4.1. Cultured Human ADSCs and Human Umbilical Vein Endothelial Cells (HUVECs)

Human ADSCs were purchased from Lonza (cat. #PT-5006, LOT No. 0000543947; Walk-
ersville, MD, USA). These cells were expanded for subsequent passages using keratinocyte-SFM
(17005-042, GIBCO-Invitrogen, Amarillo, TX, USA), and were supplemented with 2 mM N-
acetyl-L-cysteine (A8199, Sigma-Aldrich, St. Louis, MI, USA), L-ascorbic acid 2-phosphate
(A8960, Sigma-Aldrich), bovine pituitary extract, human recombinant EGF, and 5% fetal
bovine serum (FBS; 16000044, GIBCO-Invitrogen). Prior to the experiments, the cells tested
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positive for stem cell markers CD29, CD36, CD73, CD44, CD90, and CD105, and negative
for CD14, CD31, CD34, and CD45, by flow cytometry analysis.

HUVECs were purchased from the Bioresource Collection and Research Center (No.
H-UV001, BCRC, Hsinchu, Taiwan) and cultured in medium 199 supplemented with
10% FBS, 25 U/mL heparin (H-3149, Sigma-Aldrich), 30 µg/mL endothelial cell growth
supplement (ECGS, 02-102, Millipore, Billerica, MA, USA), 2 mM L-glutamine, 1.5 g/L
sodium bicarbonate, and 1X penicillin/streptomycin. HUVECs between passages 4 and
8 were used in all the experiments. All cells were incubated at 37 ◦C in a humidified
atmosphere containing 5% CO2.

4.2. Exosome Isolation

The exosomes were purified from the ADSC culture media in the presence or absence
of 1 µg/mL LPS treatment for 24 h using ExoQuick-TCTM exosome precipitation solution
(EXOTC50A-1, System Biosciences, Palo Alto, CA, USA). The media were centrifuged at
3000× g for 15 min, and the supernatant was transferred into a new tube, followed by the
addition of equal volumes of the ExoQuick-TCTM solution. After mixing, supernatants
were refrigerated at 4 ◦C overnight for at least 12 h and then centrifuged at 1500× g for
30 min. The supernatant was discarded, and the pellet was resuspended in PBS and used
for further experiments.

4.3. Characterization of Exosomes

Under the guidelines of the Minimal Information for Studies of Extracellular Vesicles
(MISEV2018) [83], characterization of isolated exosomes was performed to validate the
expression of positive and negative exosomal surface markers, detect the morphology and
bi-lipid layer structure, and measure the diameters and size distribution of the exosomes.
With the culture medium used as a control, Western blotting for the expression of exosomal
surface markers of the isolated exosomes was performed in triplicates. The total protein of
exosomes was separated by polyacrylamide gel electrophoresis and electrotransferred to
polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA, USA). To block the
membrane, 5% skim milk in PBS/Tween-20 membranes was used, followed by the subse-
quent incubation of primary antibodies against four positive proteins for the exosomes,
including CD9 (cat. #ab92726, 1:1000; Abcam, Cambridge, MA, USA), CD81 (cat. #ab109201,
1:1000; Abcam), flotillin-1 (cat. #18634, 1:1000; Cell Signaling Technology, Danvers, MA,
USA), TSG101 (cat. #ab30871, 1:1000; Abcam). The primary antibody against calnexin
(cat. #ab22595; 1:1000; Abcam) was used as a negative control protein, at 4 ◦C. Membranes
were then washed with 0.1% TBS/Tween 20 for 10 min, three times. The incubation was
performed at 37 ◦C with horseradish peroxidase (HRP)-conjugated secondary antibodies
(cat. #NA931; GE Healthcare Amersham, Piscataway, NJ, USA) for 2 h. A FluorChem SP
imaging system (Alpha Innotech, San Leandro, CA, USA) was used to detect and quantify
the protein expression.

For the TEM analyses, we fixed 10 µL exosomes with 2.5% glutaraldehyde for 2 h
and then added these exosomes to a 200 mesh Formvar with carbon stabilization. A
transmission electron microscope HT-7700 (Hitachi, Tokyo, Japan) at 100 kV was used to
analyze the exosome samples which were stained on grids with 2% uranyl acetate for 1 h.

The particle diameters of the isolated exosomes were measured using a Zetasizer
Nano-ZS DLS system (Malvern, Montréal, QC, Canada) in triplicates. Briefly, each sample
was loaded into an ultraviolet microcuvette (BRAND; Essex, CT, USA) in amounts of
100 µL at 4 ◦C. According to the fluctuations of the scattered light intensity detected at
a wavelength of 633 nm and a fixed angle of 173◦, the Brownian motion of each particle
was measured. The peak of the Gaussian model fit to the particle distribution determined
the average diameter of these exosomes and was presented by the polydispersity index
(PDI) [84]. Each data point represented an average of three automatic measurements of
12–18 runs.
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4.4. Exosome Uptake Using the Exo-Glow Kit

The uptake of exosomes by the cultured HUVECs was analyzed by labeling 30 µg
of purified ADSC-exo using the Exo-Glow Kit (SBI Systems Bioscience, Palo Alto, CA,
USA), according to the manufacturer’s instructions. The Exo-Glow Kit contained exo-
Red (cat. #EXOR100A-1), which is based on membrane-permeable acridine orange (AO)
chemistry using fluorescently labeled single-stranded RNAs inside exosomes (typical RFP
filter set), and Exo-Green (cat. #EXOG200A-1), which is based on membrane-permeable
carboxyfluorescein succinimidyl diacetate ester (CFSE); activated from inside the exosomes,
it is coupled to the amino ends of proteins to fluoresce green (typical GFP filter set). The
uptake of exosomes was measured by incubating the labeled exosomes with 1× 105 cells
per well in a 6-well culture plate in serum-free media for 30 min in a cell culture incubator.
Subsequently, the cells were stained with 4′,6-diamidino-2-phenylindole (DAPI mount-
ing medium VECTOR-H1200) and detected using a confocal microscope (FLUOVIEW
FV10i, Olympus).

4.5. Involved Signal Pathways Following Exosome Delivery

The effects of ADSC-LPS-exo on 45 signal transduction pathways in HUVECs were
elucidated using the Cignal Finder Reporter Arrays (cat. #CCA-901 L; Qiagen). The reporter
array had 45 inducible transcription factor-responsive constructs, controlling the firefly
luciferase reporter gene, in duplicates, in a 96-well plate. The Renilla luciferase gene was
included in the wells to normalize the transfection efficiency. To determine the effects of
exosomes on the signaling pathways, the constructs were reverse-transfected into HUVECs
at 8 × 104 cells per well in Opti-MEM® (Invitrogen, cat. #31985-062) containing 10% FBS
and 1% NEAA (Invitrogen, cat. #11140-050) using the Effectene Transfection Reagent
(Qiagen, cat. #301425).

At 24 h post-transfection of HUVECs with ADSC-LPS-exo, the Dual-Glo® Luciferase
Assay System (Promega, cat. #E2940) was used to detect luciferase, according to the
manufacturer’s instructions. A Hidex Sense microplate reader (Hidex, Turku, Finland) was
used to measure luminescence. Luminescence measurements were compared between
those treated with ADSC-LPS-exo and those treated with ADSC-exo. A negative control
and positive control for luminescence were provided with the arrays. The pathway was
considered significantly activated when there was a 5-fold expression of luminescence with
a p-value < 0.05.

4.6. Inhibition of cAMP Response Element Binding Protein (CREB), Activating Protein 1 (AP-1),
and Nuclear Factor-κB (NF-κB)

For RNA interference studies, a silencer siRNA duplex targeting the mRNA se-
quences of human CREB1 (AUUCUGUAGUUGCUUUCAG, AGACGGACCUCUCU-
CUUUC, UGAUUUGUGGCAGUAAAGG, and UUUAGCUCCUCAAUCAAUG), AP-1
(siRNA-AP-1, GUUCCUUCGUGCCCACGGU, GAAGGAACGUCUGGAGUUU, CAGU-
GACCAGCCUUCCGAU and CAGUCCUGUGUGAGGAUUA), and NF-κB1 (siRNA-NF-
κB1, GGGUAUAGCUUCCCACACU, CAGAGUUUACAUCUGAUGA, CAAUUUCC-
CACACCGUGUA and CUUAUGGUGGGAUUACUUU), and control siRNA duplexes
(siRNA-scramble, GAUCAUACGUGCGAUCAGA), were purchased from Sigma-Aldrich.
For siRNA transfection, 1× 106 cells were seeded into 10 cm dishes with complete medium
at ∼70% confluence the day before transfection. Effectene transfection reagent (Qiagen,
cat. #301425) was diluted with Opti-MEM at a ratio of 1:50. Sequentially diluted siRNA at
concentrations of 10, 20, and 40 nm were incubated with the HUVECs for 20 min at room
temperature to allow siRNA-Effectene transfection reagent complexes to form. Six hundred
microliters of the complex was then added to wells containing HUVECs in Opti-MEM®

medium. The HUVECs were incubated at 37 ◦C in a 5% CO2 incubator for 6 h. The
media containing the complexes were then removed and replaced with complete medium
in the presence of 30 µg ADSC-exo or ADSC-LPS-exo for 24 h. The mRNA expression
of CREB, AP-1, and NF-κB1 was assessed 24 h later. PCR primers were designed using
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the following sequences: CREB F, 5′-AAGCTGAAAGTCAACAAATGACAGTT-3′ and R,
5′-TGGACTGTCTGCCCATTGG-3′; AP-1 F, 5′-GTGAGAGATTTGCCAGGGTC-3′ and R, 5′-
AGAGAGAAGCCGTCAGGTTG-3′; NF-κB1 F, 5′-ACACCGTGTAAACCAAAGCC-3′ and
R, 5′-AGCCAGTGTTGTGATTGCT-3′; and GAPDH F, 5′-ACAGTCAGCCGCATCTTCTT-3′

and R, 5′-GCCCAATACGACCAAATCC-3′. This study was performed with n = 6 for
each condition.

4.7. Cell Migration Assay

The migration assay was performed using two-well IBIDITM Culture-Inserts (Ibidi,
Martinsried, Germany). The silicone culture inserts were then placed in the middle of
a 12-well plate. The culture plate was coated with 1% gelatin, and HUVECs transfected
with 10 nM siRNA-CREB, siRNA-AP-1, siRNA-NF-κB1, or scramble siRNAs were seeded
onto the culture plate at a density of 1 × 104 cells/mL in 70 µL volumes and allowed to
proliferate to 100% confluence. The silicone insert was carefully removed 24 h later, leaving
a 500 µm cell-free gap. Thereafter, ADSC-exo or ADSC-LPS-exo were added to the wells.
An Olympus CKX41 microscope (Olympus) was used to capture the migration distance of
cells to the cell-free zone at 0, 2, 4, 8, and 15 h. Image J was used to calculate the area of
migration of cells. This study was performed with n = 6 for each condition.

4.8. Tube Formation Assay

HUVECs transfected with 10 nM siRNA-CREB, siRNA-AP-1, siRNA, NF-κB1, or
scramble siRNAs in 2.5% FBS-MEM199 were seeded at a density of 1 × 104 cells/well in
100 µL culture medium in a 96-well plate coated with 50 µL Matrigel per well and were
incubated at 37 ◦C in an atmosphere containing 5% CO2. After treatment with 30 µg ADSC-
exo or ADSC-LPS-exo per well, the tube formation of HUVECs at 4 and 6 h was captured
in four independent experiments using an inverted phase contrast microscope (Olympus,
IX71, Tokyo, Japan) at 10× magnification and quantified by Angiotool software [85] to
calculate total vessel lengths and the total number of junctions. This study was performed
with n = 6 for each condition.

4.9. Angiogenesis-Related Proteins

To compare the expression of angiogenesis-related proteins in HUVECs following
ADSC-LPS-exo or ADSC-exo treatment, the Proteome Profiler Human Angiogenesis Anti-
body Array (cat. #AAH-ANG-2, RayBiotech, Dallas, TX, USA), which can detect 53 human
angiogenesis-related proteins simultaneously with chemiluminescent detection reagents,
was used to measure the protein expression in the cell lysates in quadruplicate, according
to the manufacturer’s protocol.

4.10. Extraction of Exosomal Protein and iTRAQ Labeling

Exosomal proteins of ADSC-exo and ADSC-LPS-exo were purified using the T-PER
tissue protein extraction reagent (78,510, Thermo Fisher Scientific, Waltham, MA, USA).
Protein samples were desalted using Amicon® Ultra-15 (Millipore) and quantified using
the BCA protein assay (23,225, Thermo Fisher Scientific). For iTRAQ labeling, 25 µg of the
protein samples were dried using SpeedVac and resuspended in the iTRAQ dissolution
buffer, which included 0.5 M triethylammonium bicarbonate (TEAB; pH 8.5). Protein
samples were reduced using the iTRAQ reduction buffer (tris-2-carboxyethyl phosphine,
TCEP) at 60 ◦C for 30 min and then alkylated in the dark using iodoacetamide at 37 ◦C for
the same amount of time. After protein digestion using sequencing-grade modified trypsin
(V511A, Promega, Madison, WI, USA), the samples were dried using SpeedVac. Next, the
peptides were reconstituted in the iTRAQ dissolution buffer and labeled using iTRAQ
labeling reagents, according to the manufacturer’s instructions (Applied Biosystems Inc.,
Foster City, CA, USA).
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4.11. Two-Dimensional Liquid Chromatography with Tandem Mass Spectrometry (2D
LC-MS/MS)

The iTRAQ-labeled samples were analyzed using a Q ExactiveTM HF mass spectrome-
ter (Thermo Fisher Scientific) coupled with an UltiMate™ 3000 RSLCnano HPLC System
(Thermo Fisher Scientific). The iTRAQ-labeled peptides were pooled and desalted using
Sep-Pak C18 cartridges (Waters, Milford, MA, USA). The desalted peptides were dried
using SpeedVac and resuspended in 0.5% trifluoroacetic acid. The peptide mixtures were
loaded onto an EASY-Spray™ C18 column (Thermo Fisher Scientific) and separated us-
ing a 0.1% formic acid solution with varying amounts of acetonitrile (5–80%). The top
15 abundant precursor ions within the 375–1400 m/z scan range were dynamically selected
for further fragmentation in high collision dissociation (HCD) mode, with the normalized
collision energy set to 33 ± 1%. In the full MS scan, the resolution was set to 60,000 at
200 m/z, AGC target to 3e6, and maximum injection time to 50 ms. For the MS/MS scan,
the resolution was set to 15,000, AGC target to 5e4, and the maximum injection time was
set to 100 ms. The release of the dynamic exclusion of selected precursor ions was set to
20 s.

4.12. Database Search and Protein Quantification

Raw MS data were examined using the Mascot search algorithm (version 2.5, Matrix
Science) against the Swiss-Prot human protein database using Proteome Discoverer (version
2.1, Thermo Fisher Scientific) software. For protein identification, the search parameters
were set as follows: carbamidomethylation at cysteine as the fixed modification, oxidation
at methionine, acetylation at protein N-terminus, iTRAQ-labeled at peptide N-terminus,
lysine residue as dynamic modifications, 10 ppm and 0.02 Da for MS/MS tolerance, and
maximum missing cleavage sites with 2.

4.13. Construction of the Protein–Protein Interaction (PPI) Network and Identification of
Hub Proteins

PPI network analysis [86,87] was used to distinguish critical hub proteins among groups
of differentially expressed protein targets identified in the iTRAQ experiment. Therefore, the
STRING database was used to conduct the PPI network analysis. PPI networks were constructed
using Cytoscape 3.6.1, with nodes representing proteins and edges indicating simplifications of
interactions between nodes in the network for graphical representation.

4.14. Statistical Analysis

All results are presented as the mean ± standard error. An overall analysis of the
differences between group means was performed using a one-way analysis of variance
(ANOVA), followed by a post hoc Fisher’s least significant difference test. Statistical
significance was set at p < 0.05.

5. Conclusions

This study revealed that human ADSCs stimulated with LPS secrete exosomes that
enhance angiogenesis in HUVECs. This phenomenon is related to the activation of CREB,
AP-1, and NF-κB signal transduction pathways and IL-8 production in recipient HUVECs
after ADSC-LPS-exo treatment. Pre-treatment of ADSCs with LPS can produce exosomes
that carry potent molecules for enhanced angiogenesis. Proteomic analysis of ADSC-
exo revealed the notable presence of HDAC, APP, and ITGB1, which may be potential
candidates for exosome-mediated enhanced angiogenesis.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22168877/s1.
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Abstract: Exosomes secreted by adipose-derived stem cells (ADSC-exo) reportedly improve nerve
regeneration after peripheral nerve injury. Herein, we investigated whether pretreatment of ADSCs
with FK506, an immunosuppressive drug that enhances nerve regeneration, could secret exosomes
(ADSC-F-exo) that further augment nerve regeneration. Designed exosomes were topically applied to
injured nerve in a mouse model of sciatic nerve crush injury to assess the nerve regeneration efficacy.
Outcomes were determined by histomorphometric analysis of semi-thin nerve sections stained
with toluidine blue, mouse neurogenesis PCR array, and neurotrophin expression in distal nerve
segments. Isobaric tags for relative and absolute quantitation (iTRAQ) were used to profile potential
exosomal proteins facilitating nerve regeneration. We observed that locally applied ADSC-exo and
ADSC-F-exo significantly enhanced nerve regeneration after nerve crush injury. Pretreatment of
ADSCs with FK506 failed to produce exosomes possessing more potent molecules for enhanced nerve
regeneration. Proteomic analysis revealed that of 192 exosomal proteins detected in both ADSC-exo
and ADSC-F-exo, histone deacetylases (HDACs), amyloid-beta A4 protein (APP), and integrin beta-1
(ITGB1) might be involved in enhancing nerve regeneration.

Keywords: sciatic nerve crush injury; peripheral nerve regeneration; exosome; adipose-derived stem
cells (ADSC); tacrolimus (FK506); proteomic analysis

1. Introduction

Despite advances in microsurgical techniques and agents that enhance nerve regen-
eration, treatment outcomes for peripheral nerve injury remain unsatisfactory [1,2]. For
example, the immunosuppressive drug FK506 has been shown to possess neuroprotective
and neurotrophic actions that can accelerate nerve regeneration [3–5], as well as enhance
nerve regeneration following nerve allotransplantation and nerve crush injury in clinical
settings [6–9]. However, the precise mechanism mediating the neuroregenerative effect
of FK506 remains unclear, and its potential side effects, including nephrotoxicity, hyper-
glycemia, and central nervous system toxicity, restrict its widespread use in peripheral
nerve injury [3].

Currently, cell-based therapy is considered promising for treating peripheral nerve
injury [10–12]. Adipose-derived stem cells (ADSCs), known to originate from stromal-
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vascular fragments of adipose tissue, reportedly possess promising therapeutic poten-
tial [13]. Several studies have demonstrated that ADSCs can promote peripheral nerve
regeneration [12,14–16]. Furthermore, conditioned medium from ADSCs was found to
enhance axonal regeneration [17,18]. Secretomes in the medium reportedly contain secreted
proteins, as well as exosomes, small extracellular vesicles that can mediate intercellular
communication by transporting proteins, nucleic acids, and lipids into target cells, thus
altering the behavior of recipient cells [19,20]. Exosomes secreted by ADSCs (ADSC-exo)
might enhance nerve regeneration by increasing remyelination [21], stimulating Schwann
cell proliferation [22], and suppressing neuronal autophagy and apoptosis [23]. In addition,
neural growth factors, including nerve growth factor (NGF), brain-derived neurotrophic
factor (BDNF), insulin-like growth factor-1 (IGF-1), fibroblast growth factor-1 (FGF-1), and
glial cell-derived neurotrophic factor (GDNF), have been detected in ADSC-exo, partially
clarifying their ability as a therapeutic tool for nerve regeneration [22].

In the present study, we aimed to determine whether exosomes secreted by ADSCs
following FK506 stimulation (ADSC-F-exo) could further enhance nerve regeneration when
compared with ADSC-exo. Accordingly, we employed a mouse model of sciatic nerve crush
injury to assess the efficacy and outcomes of prepared exosomes on nerve regeneration.
Furthermore, we employed isobaric tags for relative and absolute quantitation (iTRAQ) of
the protein content of designed exosomes to determine the potential exosomal proteins
mediating nerve regeneration following peripheral nerve injury.

2. Results
2.1. Characterization of Isolated Exosomes

According to western blotting results, isolated ADSC-exo expressed positive exosomal
surface markers, including CD9, CD81, flotillin-1, and TSG101, with no expression of
negative control protein calnexin, when compared with proteins isolated from the culture
medium (Figure 1A). Transmission electron microscopy (TEM) revealed that the exosomes
were composed of lipid bilayers, displaying a cup-shaped appearance with acceptable
quality in terms of morphology and size range (Figure 1B). Based on dynamic light scat-
tering (DLS) measurements, the exosomes’ size distribution showed a single peak, with
an average size of 79.8 ± 36.9 nm and a polydispersity index (PDI) of approximately 0.74
(Figure 1C). The quality of the isolated exosomes was good with a relatively uniform
size distribution.
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 Figure 1. Characterization of isolated exosomes by (A) Western blotting for exosomal surface markers, (B) transmission
electron microscope analyses, and (C) the measurement of particle diameter by dynamic light scattering. ADSC-exo,
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2.2. ADSC-exo and ADSC-F-exo Enhanced Nerve Regeneration

Figure 2 illustrates toluidine blue-stained semi-thin sections of the axial nerve, har-
vested 5 mm distal to the injured site, from 6 mice groups on postoperative day 10. Accord-
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ing to histomorphometric analysis, treatment of nerve crush injuries with either ADSC-exo
or ADSC-F-exo enhanced nerve regeneration when compared with injuries treated with
PBS in nerve crush control mice. We recorded a significantly larger fiber width, axon width,
fiber area, axon area, myelin area, and total fiber area in nerve crush mice treated with
locally sprayed ADSC-exo or ADSC-F-exo than those in nerve crush control mice (Table 1).
No significant difference in nerve regeneration was observed between mice treated with
ADSC-exo and ADSC-F-exo. However, the nerve regeneration remained suboptimal when
compared with the naïve nerve that did not undergo crush injury (Table 1).
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Figure 2. Histomorphology of toluidine blue-stained nerve specimens, harvested 5-mm distal to
the injured site in C57BL/6 mice on post-crush day 10. Representative histological sections (×1000)
stained with toluidine blue. The magnification bars represent 10 µm. ADSC-exo, exosomes secreted
by adipose-derived stem cells (ADSCs). ADSC-F-exo, exosomes secreted by ADSCs following
FK506 stimulation.

Table 1. Quantitative histomorphometric analysis of toluidine blue-stained nerve specimens, harvested 5-mm distal to the
injured site in C57BL/6 mice on post-crush day 10.

Groups Fiber Count
(n)

Fiber Width
(µm)

Axon Width
(µm)

Fiber Area
(µm2)

Axon Area
(µm2)

Myelin Area
(µm2)

Total Fiber
Area (µm2)

Naive nerve 110 ± 12 5.40 ± 0.51 3.37 ± 0.40 34.3 ± 4.2 14.3 ± 2.5 17.7 ± 3.2 3592 ± 472

Nerve crush
control 86 ± 17 4.08 ± 0.39 2.31 ± 0.31 20.2 ± 6.2 7.2 ± 3.1 11.9 ± 3.1 1782 ± 654

Crush nerve +
ADSC-exo 105 ± 19 * 5.02 ± 0.63 * 3.02 ± 0.41 * 28.6 ± 5.4 * 11.3 ± 2.8 * 15.2 ± 3.0 * 2988 ± 528 *

Crush nerve +
ADSC-F-exo 108 ± 24 * 4.94 ± 0.77 * 3.09 ± 0.62 * 27.9 ± 7.5 * 11.9 ± 3.2 * 14.5 ± 4.4 * 2822 ± 760 *

Data are shown as mean ± standard error (* indicated p < 0.05 when compared to those of crush nerves).
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2.3. Expression of Neurogenesis-Related Genes and Neurotrophins in the Distal Nerve Segment

At post-crush day 2, the mouse neurogenesis PCR array revealed that treatment with
ADSC-F-exo significantly upregulated eight genes (Dll1, Cdk5rap2, Efnb1, Notch1, Erbb2,
Sox2, Kmt2a, and Hdac4) in the distal nerve segment when compared with nerve crush
control mice (Figure 3). The PCR array showed no significant difference between genes
expressed in ADSC-exo- and ADSC-F-exo-treated mice (Figure 3). Among these eight
genes, six (Efnb1, Notch1, Erbb2, Sox2, Kmt2a, and Hdac4) were significantly upregulated,
as validated in the quantitative reverse transcription-PCR analysis (RT-qPCR) (Figure 4).
Based on enzyme-linked immunosorbent assay (ELISA) results, treatment with ADSC-exo
and ADSC-F-exo significantly increased protein expression levels of NGF and GDNF but
decreased expression of ciliary neurotrophic factor (CNTF) in the nerve segment when
compared with nerve crush control mice (Figure 5). However, BDNF expression was
significantly reduced in ADSC-F-exo-treated mice but not ADSC-exo-treated mice when
compared with nerve crush control mice. Neurotrophin-3 (NT-3) expression in nerve
segments did not differ significantly among the three mice groups.
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Figure 3. Representative plot of differentially expressed genes in the distal nerve segment of C57BL/6 mice treated with
ADSC-F-exo vs. PBS (left graph) or ADSC-exo (right graph) determined by PCR array on post-crush day 2. Genes showing
at least 2-fold differential expression and p < 0.05 between experimental and nerve crush control groups are considered
significantly upregulated (indicated in red). Statistical analysis was performed by one-way analysis of variance with a
post-hoc Fisher’s least significant difference test.
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Figure 4. RT-qPCR was performed to validate upregulated genes detected in nerve specimens on post-crush day 2 following
ADSC-F-exo treatment vs. those in nerve crush control nerve. Upregulated genes were identified according to the mouse
neurogenesis PCR array. RT-PCR, quantitative reverse transcription-PCR analysis. Statistical analysis was performed by
one-way analysis of variance with a post-hoc Fisher’s least significant difference test. * indicated a statistical significance
which was set at p < 0.05.
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Figure 5. Neurotrophin levels in nerve segments after exosome treatment determined by enzyme-linked immunosorbent
assay. Statistical analysis was performed by one-way analysis of variance with a post-hoc Fisher’s least significant difference
test. * indicated a statistical significance which was set at p < 0.05.

2.4. Exosomal Protein Content

An iTRAQ-based quantitative proteomic analysis was used to analyze expressed
exosomal proteins in ADSC-exo and ADSC-F-exo samples (n = 2). The exosomes were
labeled with 4-plex iTRAQ reagents of varying masses (114–117). In total, 1697 proteins
were identified, with 192 exosomal proteins noted at the intersection of all four samples
(File S1). The biological functions of the upregulated genes were determined using the
Gene Ontology and Kyoto Encyclopedia of Genes and Genomes databases. The upregu-
lated genes were particularly enriched in the following top ten pathways: focal adhesion
(17 proteins), human papillomavirus infection (16 proteins), PI3K-Akt signaling pathway
(15 proteins), extracellular matrix-receptor interaction (14 proteins), metabolic pathways
(13 proteins), pathways in cancer (13 proteins), complement and coagulation cascades
(11 proteins), regulation of actin cytoskeleton (10 proteins), lysosome (10 proteins), and
rheumatoid arthritis (9 proteins). We imported the protein–protein interaction (PPI) data
into Cytoscape and constructed a PPI network of exosomal proteins (Figure 6) to disclose
the top nine hub proteins, defined as proteins carrying the highest degree of connectivity.
These nine hub proteins included histone deacetylase 1 (HDAC1), histone deacetylase 2
(HDAC2), SET nuclear proto-oncogene (SET), albumin (ALB), amyloid-beta A4 protein
(APP), transitional endoplasmic reticulum ATPase (VCP), histone acetyltransferase KAT2B
(KAT2B), integrin beta-1 (ITGB1), and protein diaphanous homolog 1 (DIAPH1). Among
these, four proteins, including HDAC1, HDAC2 [24–31], APP [32–34], and ITGB1 [35–40],
are known to be involved in nerve regeneration. Using the MCODE plugin with default cri-
teria, six modules, presented in descending order based on MCODE scores, were obtained.
These six modules were selected for visualization of the module network (Figure 6). Specif-
ically, HDAC1 and HDAC2 were predicted as key modulators module 1 in the PPI network
and consists of 105 genes. SET, VCP, APP, ITGB1, and DIAPH1 are the key modulators in
modules 2 to 6, consisting of 30, 30, 26, 20, and 14 genes, respectively.
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3. Discussion

Herein, our findings revealed that topically sprayed ADSC-exo or ADSC-F-exo at the
crush site significantly enhanced nerve regeneration in a mouse model of nerve crush injury.
Treatment with either ADSC-exo or ADSC-F-exo increased NGF and GDNF expression in
the nerve segment, along with enhanced expression of some neurogenesis-related genes.
However, pretreatment of ADSCs with FK506 failed to generate exosomes (ADSC-F-exo)
carrying more potent molecules for enhanced nerve regeneration. The proteomic analysis
of the intersectional content within ADSC-secreted exosomes, both in the presence and
absence of FK506 stimulation, revealed that three exosomal proteins, including HDAC,
APP, and ITGB1, may mediate the enhanced nerve regeneration.
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HDACs are antagonistic enzymes that regulate gene expression via acetylation and
deacetylation of histone proteins, around which DNA is found to be wrapped within
the cell nucleus [41]. Members of the HDAC family deacetylate tubulin and actin cy-
toskeleton components, thus impacting neurite formation [42]. In addition, HDAC1 and
HDAC2 reportedly regulate dendrite targeting in the Drosophila olfactory system [43].
Neuronal progenitors lacking HDAC1 and HDAC2 are unable to differentiate into ma-
ture neurons and undergo cell death [44]. In rats, HDAC1 is reportedly involved in the
axotomy-induced injury of glial cells and dorsal root ganglia [26]. In rat cortical neurons,
HDAC2 was shown to regulate dendrite development in response to BDNF, which induces
S-nitrosylation of HDAC2 and nitric oxide synthesis, resulting in dendritic growth and
branching [45]. Furthermore, it has been reported that the HDAC-mediated deacetylation
of nuclear factor-kappa B (NF-κB) is critical for Schwann cell myelination [46]. The loss of
both HDAC1 and HDAC2 disrupts neural precursor differentiation, resulting in aberrant
brain development [44]. Although HDACs play important roles in neurite growth, HDAC
inhibitors attenuated neuronal death and promoted neurite outgrowth and axonal regener-
ation [29]. Accordingly, it has been suggested that specific HDACs can play distinct roles
depending on the developmental stage and effect via histone post-translational modifica-
tions [25]. Therefore, the identification of signaling mechanisms mediated by HDAC1 and
HDAC2, both detected within ADSC exosomes, is critical for the further understanding
and development of treatment approaches targeting nerve crush injury.

APP is a major component of vascular amyloid and plaque present in the brain tissue
of patients with Alzheimer’s disease [47]. In familial Alzheimer’s disease, a mutation in
APP can result in defective neurite extension [48]. APP is secreted into the medium by most
cultured cells and can function as an autocrine factor to induce neurite extension through
cell-surface binding [49]. Reportedly, APP overexpression in mice following peripheral
nerve injury prevented neuropathic pain [50,51] and motoneuron death [50]. In addition,
the β-site APP cleaving enzyme 1 (BACE1), a sole β-secretase generating APP, is crucial for
axonal and Schwann cell remyelination of injured nerves [52], and the genetic deletion of
BACE1 leads to increased nerve regeneration [53].

Integrins are heterodimeric transmembrane receptors that mediate cell–cell inter-
actions, as well as interactions between cells and the extracellular matrix [54]. During
peripheral nerve regeneration, the growth cones of neurons are in contact with basal lamina
channels, known to contain laminin [55]. Neuronal responses to laminin are dependent on
specific cell-surface receptors, such as integrin. Integrins containing a β1 subunit (ITGB1)
bind various collagens and laminins expressed during peripheral nerve regeneration [56].
During the first two weeks following a peripheral nerve injury, endoneurial cells proliferate
and express integrin β1 for collagen types I and III. The failure of endoneurial fibroblasts
to express the integrin β1 subunit may indicate advanced degeneration of the denervated
distal stump [40]. Furthermore, integrin β1 reportedly plays important functional roles in
axon outgrowth during development and regeneration [39].

Neurotrophins have long been identified as drivers of neurogenesis during nervous
system development and regeneration [57]. Neurotrophic factors, including NGF, GDNF
and BDNF, play significant roles in promoting axonal regeneration [58]. As the expression
of endogenous neurotrophic factors declines, the regenerative capacities of axotomized
neurons and denervated Schwann cells to support regenerating neurons also decrease [58].
Herein, we observed that both ADSC-exo and ADSC-F-exo significantly increased the
expression of NGF and GDNF in the nerve segments of crush injury mice when compared
with those of nerve crush control mice. BDNF expression was lower in mice treated with
ADSC-F-exo than in nerve crush control mice; however, this effect was not observed in mice
treated with ADSC-exo. Additional studies are critical for clarifying the impact of these
dysregulated neurotrophins on peripheral nerve regeneration. In addition, the detailed
mechanism underlying the effect of ADSC-exo treatment on crush nerve injury needs to
be elucidated.
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Some limitations of this study should be acknowledged. First, 192 exosomal proteins,
with 9 hub proteins, were identified based on the proteomic approach and PPI analysis. It
cannot be excluded that the neuroregenerative function of some exosomal proteins remains
undetected. Furthermore, the effect of exosomes secreted from the ADSCs on the nerve
regeneration may rely on factors other than the protein cargo inside exosomes, such as
microRNAs [59,60] or long noncoding RNAs [61,62], which are known to impact nerve
regeneration, and should be accordingly considered. In addition, the effect of the exosomal
contents on target cells may occur synergistically [63,64]. Hence, an in-depth exploration
of mechanisms underlying potential ADSC-exo functions remains urgent.

4. Materials and Methods
4.1. Cultured Mouse ADSCs

ADSCs were purchased from iXCells Biotechnologies (MADSC-bf, San Diego, CA,
USA). The ADSCs were from the interscapular brown fat tissue of C57BL/6 mice. These
cells were expanded for subsequent passages using ADSC basal medium (Cat # MD-0003)
under the protocol, according to instructions provided by iXcells Biotechnologies. The cells
previously tested positive for stem cell markers CD105, CD73, CD90, CD44, and negative for
CD3, CD11b, CD25, CD45, and CD106 by flow cytometry analysis. The exosomes secreted
by ADSCs (ADSC-exo), as well as ADSCs treated with 100 µg/mL FK506 (InvivoGen,
Hong Kong, China) in dimethyl sulfoxide (DMSO) for 24 h (ADSC-F-exo), were isolated
for further animal experiments.

4.2. Exosome Isolation

Exosomes were purified from the ADSC culture media in the presence or absence of
FK506 treatment using the ExoQuick-TCTM exosome precipitation solution (EXOTC50A-1,
System Biosciences, Palo Alto, CA, USA), according to the manufacturer’s instructions.
Media were centrifuged at 3000× g for 15 min, and then the supernatant was transferred
into a new tube, followed by the addition of equal volumes of the ExoQuick-TCTM solu-
tion. After mixing, supernatants were refrigerated at 4 ◦C overnight for at least 12 h and
then centrifuged at 1500× g for 30 min. The supernatant was discarded, the pellet was
resuspended in PBS, and used for further experiments.

4.3. Characterization of Exosomes

Characterization of isolated exosomes was based on the Guidelines of the Minimal
Information for Studies of Extracellular Vesicles (MISEV2018) [65]. Expression of exosomal
surface markers on isolated exosomes was detected by western blotting in triplicate,
with the culture medium used as control. For exosomes, total protein was separated
by polyacrylamide gel electrophoresis and electrotransferred to polyvinylidene fluoride
(PVDF) membranes (Millipore, Billerica, MA, USA). The membranes were blocked with
5% skim milk in PBS/Tween-20 and incubated with primary antibodies against CD9 (cat #
ab92726, 1:1000; Abcam, Cambridge, MA, USA), CD81 (cat # ab109201, 1:1000; Abcam),
Flotillin-1 (cat # 18634, 1:1000; Cell Signaling Technology, Danvers, MA, USA), TSG101 (cat
# ab30871, 1:1000; Abcam), and the negative control protein Calnexin (cat # ab22595, 1:1000;
Abcam) at 4 ◦C overnight. Then, membranes were washed with 0.1% TBS/Tween 20 for
10 min, 3 times at room temperature and incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies (cat # NA931; GE Healthcare Amersham, Piscataway, NJ,
USA) for 2 h at room temperature; detected proteins were quantified using a FluorChem
SP imaging system (Alpha Innotech, San Leandro, CA, USA).

For TEM analyses, 10 µL exosomes were fixed with 2.5% glutaraldehyde for 2 h and
added to a 200 mesh Formvar stabilized with carbon. The grids were stained with 2%
uranyl acetate for 1 h. Samples were analyzed with a transmission electron microscope
HT-7700 (Hitachi, Tokyo, Japan) at 100 kV.

A Zetasizer Nano-ZS DLS system (Malvern, Montréal, QC, Canada) was used to
assess the particle diameter of isolated exosomes. In brief, 100 µL of each sample was
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loaded into an ultraviolet microcuvette (BRAND; Essex, CT, USA) at 4 ◦C. The Brownian
motion of each particle was measured by the fluctuations of scattered light intensity at a
wavelength of 633 nm and a fixed angle of 173◦. Data points from each replicate represent
an average of three automatic measurements of 12–18 runs. The average particle diameter
was obtained from the peak of the Gaussian model fit to the particle distribution and
presented by PDI [66].

4.4. Animal Nerve Crush Surgery

C57BL/6 mice were purchased from the National Laboratory Animal Center, Taiwan.
The nerve crush injury model was established in 8–12-week-old male mice, weighing
between 20 and 30 g and performed as described in our previous reports [67,68] and by
Mackinnon et al. [69,70]. Anesthesia was induced using an intramuscular injection of
25 mg/kg ketamine and 50 mg/kg xylazine. Then, the right sciatic nerve of the mouse
was exposed at the mid-thigh level and was crushed with No. 5 Jeweler forceps, using
consistent pressure for 30 s. To facilitate the subsequent harvest of the nerve specimen,
a 10-0 Ethilon suture (Micro suture Ethicon, Somerville, NJ, USA) was used to mark the
injured site only through the epineurium after the release of forceps-induced pressure.
There were four groups of nerve samples in this study, including (1), naive nerve; (2),
nerve crush control; (3) crush nerve with ADSC-exo treatment; and (4) crush nerve with
ADSC-F-exo. For the group 3 and 4, 100 µg ADSC-exo and ADSC-F-exo in 100 µL PBS,
respectively, were sprayed around the crushed nerve segment using a 30-gauge syringe
needle (Becton-Dickinson & Co, Franklin Lakes, NJ, USA). For the nerve crush control, the
crushed nerve segment was sprayed with 100 µL PBS to serve as the treatment control. The
left sciatic nerve of those mice in the nerve crush control group was harvested as naïve
nerve samples.

The right sciatic nerve of nerve crush control mice was left untouched and used as
a control (naïve nerve). Then, all mice were allowed to recover in a separate postopera-
tive care room. At post-crush day 2, mice (n = 4) were re-anesthetized to harvest 1 cm
of the nerve, distal to the injured site, and were then euthanized. The harvested nerve
segment was used for PCR Arrays with subsequent RT-qPCR, as well as for the detection
of neurotrophins. At post-crush day 10, additional mice (n = 6) were re-anesthetized to
harvest 1 cm of the nerve distal to the injured site, followed by euthanasia. The harvested
nerve samples were used for histomorphometric analysis and PCR array. Herein, all
housing conditions and surgical procedures, analgesia, and assessments were performed
in an AAALAC-accredited, specific pathogen-free facility, following national and insti-
tutional guidelines. Animal protocols were approved by the IACUC of Chang Gung
Memorial Hospital.

4.5. Quantitative Assessment of Sciatic Nerve Regeneration

In brief, the axial 1 cm of the nerve distal to the injured site, as well as of the contralat-
eral naïve nerve, for each subgroup (crush nerve + ADSC-exo, crush nerve + ADSC-F-exo,
and nerve crush control, n = 6 for each subgroup) was isolated and fixed at 4 ◦C with
3% glutaraldehyde (Polysciences Inc., Warrington, PA, USA), washed in 0.1 M phosphate
buffer (pH 7.2), post-fixed with 1% osmium tetroxide (Fisher Scientific, Pittsburgh, PA,
USA), dehydrated in graded ethanol solutions, and embedded in Araldite 502 (Polysciences
Inc.). Axial semi-thin sections (1-µm-thick nerve specimens), obtained at a 5-mm distance
from the injured site, were stained with 1% toluidine blue for histomorphometric analysis.
Binary image analysis was performed for semi-automated quantitative analysis of multiple
components of nerve histomorphometry in a blinded manner [71]. Total myelinated fiber
counts were measured based on six randomly selected fields at 1000 × magnification. The
fiber count, fiber width, axon width, fiber area, axon area, myelin area, and total fiber area
were calculated.
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4.6. Gene Expression in RT2 Profiler PCR Arrays

Under RNase-Free DNase digestion, total RNA of harvested nerve segments was
isolated using the RNeasy Mini kit (Qiagen, Valencia, CA, USA). The RNA integrity was
confirmed using an Agilent 2100 BioAnalyzer. A High-Capacity cDNA Reverse Tran-
scription (ABI 4368814, Applied Biosystems, Foster City, CA, USA) was used for reverse
transcription. A Mouse Neurogenesis RT2 Profiler™ PCR Array (Qiagen) (Table S1), which
profiles the expression of 84 genes related to the regulation of key neurogenesis processes
such as the cell cycle, cell proliferation, differentiation, motility, and migration, was used to
detect the genes expressed in the distal nerve segment on the 7500 Real-Time PCR System
(Applied Biosystems, Carlsbad, CA, USA). Quality control was confirmed by the positive
PCR controls and reverse transcription controls of the PCR array. The expression level
of target genes was calculated according to a panel of housekeeping genes, including
beta-actin (Actb) and glyceraldehyde-3-phosphate dehydrogenase (Gapdh), in the PCR
Array. The gene with a threshold cycle above the 34th cycle was excluded from the further
comparison. Genes were significantly expressed when a 2-fold differential expression and
p < 0.05 were detected between experimental and nerve crush control groups.

4.7. RT-qPCR

To validate the expression level of differentially expressed genes identified in the PCR
array, the converted DNA was subjected to RT-qPCR with specific primers designed for the
PCR array by Qiagen using an Applied Biosystems® 7500 Real-Time PCR Systems (Applied
Biosystems), with a 96-well optical plate format. Amplification was performed in 25 µL
volume reactions containing Power SYBR Green PCR Master Mix (ABI 4367659, Applied
Biosystems), according to the manufacturer’s recommendations. The cycling conditions
consisted of a 30-min reverse transcription step at 50 ◦C, a 2 min denaturation step at 95 ◦C,
and 40 amplification cycles of 15 s at 95 ◦C and 1 min at 60 ◦C. Fluorescence was acquired
during each extension step, and reactions were performed in triplicate. PCR-grade water
was used as the negative control. The 2−∆∆Ct formula [72] was used for calculating gene ex-
pression, with the endogenous reference gene Gapdh used for normalization. Target mRNA
levels in nerve crush injuries treated with ADSC-F-exo were measured and compared with
those in nerve crush control samples.

4.8. Neurotrophin Expression in Nerve Segments

Next, we determined the level of neurotrophins in the nerve segments following exo-
somal treatment. ELISA was to detect five neurotrophins in nerve segments (crush nerve +
ADSC-exo, crush nerve + ADSC-F-exo, and nerve crush control, n = 4 for each subgroup)
using commercial kits, including NGF (cat# Rab1119, Merck, Darmstadt, Germany), GDNF
(cat# ab171178, Abcam, Cambridge, UK), CNTF (cat# CSB-E07312M, Cusabio Technol-
ogy LLC, Houston, TX, USA), BDNF (cat# KA0331, Abnova, Taipei, Taiwan), and NT-3
(cat# ab213882, Abcam). The neurotrophin concentration was measured according to the
calibration curve of the standard sample provided in the kit and presented as pg/mL.

4.9. Extraction of Exosomal Protein and iTRAQ Labeling

Exosomal proteins of ADSC-exo and ADSC-F-exo (n = 2 for each kind of sample) were
purified using the T-PER tissue protein extraction reagent (78510, Thermo Fisher Scientific,
Waltham, MA, USA). Protein samples were desalted using the Amicon® Ultra-15 (Merck-
Millipore, Burlington, MA, USA) and quantified using the BCA protein assay (23225,
Thermo Fisher Scientific). For iTRAQ labeling, 25 µg of the protein samples were dried
using SpeedVac and resuspended in the iTRAQ dissolution buffer, which included 0.5 M
triethylammonium bicarbonate (TEAB; pH 8.5). Protein samples underwent reduction
using the iTRAQ reduction buffer (tris-2-carboxyethyl phosphine, TCEP) at 60 ◦C for
30 min and were then alkylated in the dark using iodoacetamide at 37 ◦C for 30 min. After
protein digestion using sequencing grade modified trypsin (V511A, Promega, Madison,
WI, USA), samples were dried using SpeedVac. Next, the peptides were reconstituted in
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the iTRAQ dissolution buffer and labeled using iTRAQ labeling reagents, according to the
manufacturer’s instructions (Applied Biosystems Inc., Foster City, CA, USA).

4.10. Two-Dimensional Liquid Chromatography with Tandem Mass Spectrometry
(2D LC-MS/MS)

The iTRAQ-labeled samples were analyzed using the Q ExactiveTM HF mass spec-
trometer (Thermo Fisher Scientific), coupled with the UltiMate™ 3000 RSLCnano HPLC
System (Thermo Fisher Scientific). The iTRAQ-labeled peptides were pooled and desalted
in Sep-Pak C18 cartridges (Waters, Milford, MA, USA). Then, desalted peptides were dried
using SpeedVac and resuspended in 0.5% trifluoroacetic acid. The peptide mixtures were
loaded onto an EASY-Spray™ C18 column (Thermo Fisher Scientific)) and separated using
0.1% formic acid solution, with varying amounts of acetonitrile (5~80%). The top 15 abun-
dant precursor ions, within the 375–1400 m/z scan range, were dynamically selected for
further fragmentation in high collision dissociation (HCD) mode, with normalized collision
energy set to 33 ± 1. In the full MS scan, the resolution was set to 60,000 at m/z 200, AGC
target to 3e6, and maximum injection time to 50 ms. For the MS/MS scan, the resolution
was set to 15,000, AGC target to 5e4, and the maximum injection time to 100 ms. The
release of the dynamic exclusion of selected precursor ions was set to 20 s.

4.11. Database Search and Protein Quantification

The raw MS data were examined using the Mascot search algorithm (Version 2.5,
Matrix Science, Boston, MA, USA) against the Swiss-Prot human protein database with Pro-
teome Discoverer (Version 2.1, Thermo Fisher Scientific) software. For protein identification,
the search parameters were set as follows: carbamidomethylation at cysteine as the fixed
modification, oxidation at methionine, acetylation at protein N-terminus, iTRAQ-labeled
at peptide N-terminus, lysine residue as dynamic modifications, 10 ppm and 0.02 Da for
MS/MS tolerance, and a maximum of 2 missing cleavage sites.

4.12. Construction of PPI Network and Identification of Hub Proteins

PPI network analysis [73,74] was used to distinguish critical hub proteins among a
group of differentially expressed protein targets identified in the iTRAQ experiment. There-
fore, the STRING database was used to conduct the PPI network analysis. PPI networks
were constructed by Cytoscape 3.6.1, with nodes representing proteins and edges indicating
simplifications of interactions between nodes in the network for graphical representation.
Using default conditions for the functional enrichment analysis module, the PPI network
was used for screening the module based on the MCOD plugin in Cytoscape [75].

4.13. Statistical Analysis

All the results were presented as mean ± standard error. An overall analysis of
the differences between group means was calculated by one-way analysis of variance
(ANOVA), followed by a post-hoc Fisher’s least significant difference test. The statistical
significance was set at p < 0.05.

5. Conclusions

This study revealed that both locally applied ADSC-exo and ADSC-F-exo significantly
enhanced nerve regeneration after nerve crush injury. Pretreatment of ADSCs with FK506
failed to produce exosomes carrying more potent molecules for enhanced nerve regen-
eration. Proteomic analysis of ADSC-exo revealed the notable presence of HDAC, APP,
and ITGB1, which may be potential candidates involved in exosome-mediated enhanced
nerve regeneration.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22168545/s1, File S1: List of 192 exosomal proteins noted in the intersection of all
four samples in the iTRAQ proteomic analysis. Table S1. Gene table of Mouse Neurogenesis RT2

ProfilerTM PCR Array.
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Abstract: Macrophages emerge in the milieu around innervated neurons after nerve injuries. Follow-
ing nerve injury, autophagy is induced in macrophages and affects the regulation of inflammatory
responses. It is closely linked to neuroinflammation, while the immunosuppressive drug tacrolimus
(FK506) enhances nerve regeneration following nerve crush injury and nerve allotransplantation with
additional neuroprotective and neurotrophic functions. The combined use of FK506 and adipose-
derived stem cells (ADSCs) was employed in cell therapy for organ transplantation and vascularized
composite allotransplantation. This study aimed to investigate the topical application of exosomes
secreted by ADSCs following FK506 treatment (ADSC-F-exo) to the injured nerve in a mouse model
of sciatic nerve crush injury. Furthermore, isobaric tags for relative and absolute quantitation (iTRAQ)
were used to profile the potential exosomal proteins involved in autophagy. Immunohistochemi-
cal analysis revealed that nerve crush injuries significantly induced autophagy in the dorsal root
ganglia and dorsal horn of the spinal segments. Locally applied ADSC-F-exo significantly reduced
autophagy of macrophages in the spinal segments after nerve crush injury. Proteomic analysis
showed that of the 22 abundant exosomal proteins detected in ADSC-F-exo, heat shock protein family
A member 8 (HSPA8) and eukaryotic translation elongation factor 1 alpha 1 (EEF1A1) are involved
in exosome-mediated autophagy reduction.

Keywords: autophagy; sciatic nerve crush injury; exosome; adipose-derived stem cells (ADSC);
tacrolimus (FK506); proteomic analysis; isobaric tags for relative and absolute quantitation (iTRAQ)

1. Introduction

A remote cell body response in axotomized neurons is induced following a sciatic
nerve injury [1]. This strong response indicates the neuronal release of cytokines and
chemokines, the induction of neuron-intrinsic growth programs, the activation of resident
macrophages [2–4], and invasion of macrophages from the peripheral circulation [5,6]. The
proliferation of resident and invasive macrophages is abundant and peaks three days after
injury [7], with an increased (proportional) influx of hematogenous macrophages after
day 4 [7]. The secreted molecules and phagocytosis activity of these macrophages can
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magnify immune and inflammatory responses in the local milieu, influence the surrounding
neurons [8], and further contribute to secondary damage and the further loss of neurons [9].

Autophagy is known to specifically remove and recycle damaged cellular organelles
and aggregated proteins to maintain cellular homeostasis [10]. Cells that undergo au-
tophagy exhibit the expression of autophagy markers, such as the microtubule-associated
protein 1A/1B-light chain 3 (LC3), the autophagy receptor sequestosome 1 (p62), and
lysosomal associated membrane protein 1 (LAMP-1) [11]. For instance, after an optic nerve
injury, autophagy is associated with the death of retinal ganglion cells [12,13]. Within a
few hours following the optic nerve injury, the optic nerve showed a rapid increase in
autophagic vesicles, which spread back to the retinal ganglion cells with LC3 levels being
increased as early as 24 h after the injury [14]. Autophagy-related genes such as autophagy-
related 5 and autophagy-related 7 are increased in retinal ganglion cells between 3 and
10 days after injury [15]. In addition, insufficient autophagic flux and parallel upregulation
of p62 lead to a substantial increase in p62 levels in the optic nerve [16,17]. High levels of
autophagy lead to the death of retinal ganglion cells in vivo [14]. Autophagy activation
in macrophages of the nervous system is closely linked to neuroinflammation [18,19].
During injury to the central nervous system, autophagy contributes to the regulation of
inflammatory responses in resident and invaded macrophages [9]. During injury to the
peripheral nervous system, such as spinal nerve ligation, autophagy is also initiated in the
macrophages of the spinal segment [20] and participates in the regulation of inflammasome
activation and the process of neuropathic pain [18].

Cell-based therapy is currently considered promising for the treatment of peripheral
nerve injury [21,22]. Several studies have demonstrated that adipose-derived stem cells
(ADSCs) [23–25] and even their conditioned medium can promote peripheral nerve re-
generation [26,27]. The exosomes might be responsible for the effect of the secretome of
the medium by transporting proteins, nucleic acids, and lipids into target cells for inter-
cellular communication [28,29]. It has been reported that exosomes secreted by ADSCs
(ADSC-exo) enhance nerve regeneration by stimulating Schwann cell proliferation [30], in-
creasing remyelination [31], and reducing neuronal death [32]. Although the pathogenesis
of autophagy in nerve injury is still unclear, autophagy has been proposed as a potential
therapeutic target for suppressing cell and tissue injury [18].

The calcineurin inhibitor FK506 was approved by the Food and Drug Administra-
tion of United States in 1997 to be used in kidney transplantation to prevent acute rejec-
tion [33,34]. FK506 binds to FK506-binding proteins, inhibits the calcineurin/the nuclear
factor of activated T cells pathway (NFAT) pathways, and thus suppresses IL-2 gene tran-
scription in T lymphocytes, which is required for T-cell proliferation [33,34]. In addition
to the immunosuppressive effect, FK506 had been found to improve nerve regeneration
following a nerve crush injury and/or nerve allotransplantation in clinical settings [35,36]
and exhibits additional neuroprotective and neurotrophic activities [37]. The combined
use of FK506 and ADSCs has been used in cell therapy for organ transplantation [38]
or vascularized composite allotransplantation [39,40]. In a mouse model of sciatic nerve
crush injury, we showed that the topically sprayed exosomes, which were secreted by
ADSCs under the condition of FK506 stimulation (ADSC-F-exo), exhibit similar effects
to those of ADSC-exo on enhancing nerve regeneration [41]. Under the hypothesis that
the topically sprayed ADSC-F-exo around the crush nerve segment can also rescue the
autophagy of macrophages in the milieu surrounding the innervated neurons, this study
was performed with the aim to assess the effect of ADSC-F-exo treatment on the autophagy
of macrophages in the spinal segments following nerve crush injury, with the additional
goal of exploring the potential effective proteins inside the exosomes. In this study, CSF-1R–
GFP+ macrophage Fas-induced apoptosis (MaFIA) transgenic mice, in which macrophages
express enhanced green fluorescent protein (eGFP) were used; this facilitated the detection
of macrophages in the DRG and spinal segments. Furthermore, isobaric tags for rela-
tive and absolute quantitation (iTRAQ) of exosomal protein content were performed to
determine potential proteins that can be involved in the autophagy pathway.
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2. Results
2.1. Characterization of Isolated Exosomes

Western blotting revealed the expression of the positive exosomal surface markers,
including CD9, CD81, flotillin-1, and TSG101 in the isolated exosomes than the control
sample as cell lysates, and the expression of the negative control protein calnexin was not
observed (Figure 1A). Transition electron microscopy (TEM) showed a round exosome with
lipid bilayers and acceptable quality in terms of morphology and size range (Figure 1B).
The NTA measurements of exosome size distribution revealed a single peak, with an
average size of 90.8 nm ± 38.3 nm (Figure 1C). The quality of the isolated exosomes was
good, with a relatively uniform size distribution.
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Figure 1. Characterization of isolated exosomes using (A) Western blotting for exosomal surface
markers of the isolated exosomes (Exo) with cell lysate as the control (Contrl), (B) transmission
electron microscope analyses, and (C) distribution of exosomes secreted by ADSCs and measurement
of particle diameter by nanoparticle tracking analysis.

2.2. Autophagy Activation in the DRG and Spinal Segments

According to immunohistomorphometric analysis of the DRG (n = 6 for each group
of mice), the nerve crush injuries have significantly induced autophagy in macrophages
following the nerve crush injury when compared with those in the naive control (Figure 2).
Quantification of the number of cells with co-localization of DAPI and eGFP with those
autophagy-related markers showed the following patter. Compared with the naive control,
the average number of LC3-positive or LAMP-1-positive autophagic cells per field was
significantly induced 1 d and 3 d after the crush injury. The average number of p62-positive
autophagic cells per field was significantly induced 3 d after crush injury. The number of
LC3-, p62-, or LAMP-1-positive autophagic cells was significantly decreased 7 d after the
crush injury.
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p62, or LAMP-1) in the dorsal root ganglia of L4–6 in the MaFIA mice without nerve crush injury (naïve control) and at 1 d,
3 d, and 7 d following sciatic nerve crush injury. * Indicates a significant change (p < 0.05) when compared to those in the
naïve control (n = 6). The error bar represents the standard error of mean.
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For the spinal segments (n = 6 for each group of mice), nerve crush injuries significantly
induced autophagy in macrophages following the nerve crush injury when compared
with those in the naive control (Figure 3). Quantification of the number of cells with
co-localization of DAPI and eGFP with those autophagy-related markers indicates that,
compared to the naive control, the average number of LC3-positive and p62-positive
autophagic cells per field was significantly increased at 3 d and persisted at 7 d after the
crush injury. The average number of LAMP-1-positive autophagic cells per field was
significantly increased at 1 d and persisted at 3 d and 7 d after the crush injury.
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2.3. ADSC-F-Exo Reduced Autophagy in the Spinal Segments

As shown in Figure 4, immunohistomorphometric analysis (n = 6 for each group of
mice) revealed that the treatment of nerve crush injuries with ADSC-F-exo significantly
reduced the degree of macrophage autophagy 3 d following the nerve crush injury, com-
pared with that observed in the crush control mice. Quantification of the number of cells
exhibiting the co-localization of DAPI and eGFP with the autophagy-related markers indi-
cates that, compared to the nerve crush control, the average number of autophagic cells
per field was reduced after ADSC-F-exo treatment (LC3, 6. 7 ± 1.1 vs. 0.8 ± 0.4, p < 0.001;
p62, 10.7 ± 1. 7 vs. 5.5 ± 1.1, p = 0.026; LAMP-1, 5.3 ± 0.8 vs. 3.3 ± 0.2, p = 0.002).
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2.4. Exosomal Protein Content 
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2.4. Exosomal Protein Content

An iTRAQ-based quantitative proteomic analysis was applied to analyze the expres-
sion of exosomal proteins in the ADSC-F-exo samples (n = 4). Of the 1306 identified
proteins, there were 22 abundant exosomal proteins that had at least 1.5-fold upregulation
of cytoplasmic actin protein in all samples (Table 1). Gene annotation and enrichment anal-
ysis using Metascape showed that the upregulated genes were considerably enriched in the
top 15 pathways (Table 2), with the top five pathways involved in protein methylation, dis-
eases associated with growth factor receptors- and second messengers-mediated signaling,
supramolecular fiber organization, platelet degranulation, and glycolysis in senescence.
Only one activated transcription factor, i.e., hypoxia-inducible factor 1 alpha (HIF1-α)
was detected by transcriptional regulatory relationships unraveled by sentence-based text-
mining (TRRUST, http://www.grnpedia.org/trrust, accessed on 30 May 2021) [42] to be
involved in these identified proteins. According to the biological function of GO terms, two
exosomal proteins, including heat shock protein family A member 8 (HSPA8, GO:1904764
chaperone-mediated autophagy translocation complex disassembly) and eukaryotic trans-
lation elongation factor 1 alpha 1 (EEF1A1, GO:1904714 regulation of chaperone-mediated
autophagy; GO:0061684 chaperone-mediated autophagy) (Supplemental File S1), are in-
volved in autophagy pathways. The PPI network and MCODE components indicate

http://www.grnpedia.org/trrust
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that the exosomal proteins mainly involved two networks for its functions, whereas one
network included PGK1, EEF1A1, EEF2, VCP, PLEC, ENO1, FLNB, FLNA, VIM, TPM4,
TLN1, and ACTN1. Meanwhile, the other network included HSPA5, SERPINH1, VCL, and
SPTBN1 (Figure 5).

Table 1. The abundant exosomal proteins that exhibited at least 1.5-fold upregulation than the cytoplasmic actin protein in
the exosomes secreted by ADSCs following in FK506 treatment.

Accession Description Gene Name Unique Peptides Fold of Abundances

P20152 Vimentin Vim 36 5.10
Q01853 Transitional endoplasmic reticulum ATPase Vcp 48 5.69
Q9QXS1 Plectin Plec 176 4.89
Q7TPR4 Alpha-actinin-1 Actn1 36 3.52
P52480 Pyruvate kinase PKM Pkm 37 3.83

Q8BTM8 Filamin-A Flna 95 3.75
P16546 Spectrin alpha chain, non-erythrocytic 1 Sptan1 111 3.19
Q64727 Vinculin Vcl 59 2.41
Q62261 Spectrin beta chain, non-erythrocytic 1 Sptbn1 82 2.97
P20029 78 kDa glucose-regulated protein Hspa5 35 3.38
P26039 Talin-1 Tln1 90 2.58
P17182 Alpha-enolase Eno1 16 2.45
Q80X90 Filamin-B Flnb 92 2.26
P63017 Heat shock cognate 71 kDa protein Hspa8 26 2.01
P10126 Elongation factor 1-alpha 1 Eef1a1 20 2.22
Q99PL5 Ribosome-binding protein 1 Rrbp1 63 2.13
Q6IRU2 Tropomyosin alpha-4 chain Tpm4 16 2.07
P58252 Elongation factor 2 Eef2 44 1.93
P48678 Prelamin-A/C Lmna 34 2.00
P15331 Peripherin Prph 4 1.57
P09411 Phosphoglycerate kinase 1 Pgk1 24 1.87
P19324 Serpin H1 Serpinh1 25 1.67
P60710 Actin, cytoplasmic 1 Actb 9 1.00

Table 2. Top 15 clusters with their representative enriched terms (one per cluster).

GO Description Count % Log10(p) Log10(q)

R-HSA-8876725 Protein methylation 4 20 −9.15 −4.79

R-HSA-5663202 Diseases of signal transduction by growth factor receptors and
second messengers 7 35 −7.90 −3.84

GO:0097435 Supramolecular fiber organization 8 40 −7.65 −3.82
R-HSA-114608 Platelet degranulation 5 25 −7.56 −3.82

WP5049 Glycolysis in senescence 3 15 −7.30 −3.81
GO:0002064 Epithelial cell development 5 25 −6.36 −3.26

R-HSA-111465 Apoptotic cleavage of cellular proteins 3 15 −5.59 −2.74
R-HSA-445355 Smooth Muscle Contraction 3 15 −5.53 −2.68

GO:0051129 Negative regulation of cellular component organization 6 30 −5.01 −2.37
GO:0003012 Muscle system process 5 25 −4.88 −2.29
GO:0045727 Positive regulation of translation 3 15 −3.93 −1.55
GO:0031667 Response to nutrient levels 4 20 −3.52 −1.23
GO:1903827 Regulation of cellular protein localization 4 20 −3.33 −1.07
GO:0071417 Cellular response to organonitrogen compound 4 20 −3.03 −0.79

R-HSA-1474244 Extracellular matrix organization 3 15 −2.92 −0.71

“Count” is the number of genes in the identified protein lists with membership in the given ontology term. “%” is the percentage of all of
the identified protein that are found in the given ontology term (only input genes with at least one ontology term annotation are included
in the calculation). “Log10(p)” is the p-value in log base 10. “Log10(q)” is the multi-test adjusted p-value in log base 10.
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3. Discussion

Overall, our findings indicate that nerve crush injuries significantly induce autophagy
in the dorsal root ganglia and dorsal horn of the spinal segments. Furthermore, topically
sprayed ADSC-F-exo at the crush site significantly reduces the extent of macrophage
autophagy in the spine following nerve crush injury. Proteomic analysis of the content of
ADSC-F-exo reveals that the transcription factor HIF1-α, along with the abundant exosomal
proteins HSPA8 and EEF1A1, may be involved in mediating the autophagy pathway.

The effects of HIF-1α are associated with the activation of autophagy [43]. Previous
studies have shown that HIF-1α leads to the transcription of BCL2 interacting protein 3
(BNIP3), which competes with Bcl-2 and Bcl-XL for interaction with Beclin to induce au-
tophagy [43]. HIF-1α-induced autophagy plays an important role in eliminating damaged
mitochondria and recruiting normal mitochondria [44]. Cells with a lack of HIF expres-
sion exhibit a weakened autophagic response under hypoxic conditions [45]. Importantly,
HIF-1α is a critical transcriptional regulator in regenerating neurons [46]. The expression
of HIF-1α is increased to exhibit a protective effect after a traumatic spinal cord injury [44]
and a traumatic brain injury [47–49]. Following nerve axotomy and compression, ATG5
or NAD+-dependent deacetylase sirtuin-1 (SIRT1) overexpression in spinal motoneurons
stimulates mTOR-independent autophagy to improve motor axonal regeneration [50].

HSPA8 protein (or 70-kDa heat shock cognate, hsc70) is a constitutively expressed
protein that belongs to the heat shock protein 70 (hsp70) chaperone family [51]. HSPA8
is constitutively expressed at high levels in neuronal cell bodies and is enriched in the
mammalian nervous system compared to non-neural tissues [52]. It has been reported
that HSPA8 acted as an intrinsic protector of neural precursor cells and neuroepithelial
cells [53]. It also preserves synaptic function during stress [52], and plays an important
role in combating neurodegenerative diseases [54,55]. HSPA8 interacts with Tau, an intrin-
sically disordered protein that is involved in the stabilization of the axonal microtubules
in an aggregated form and drives its clearance by the chaperone-mediated autophagy
pathway [55]. An exogenous supply of HSPA8 can reduce the subsequent loss of neurons
by apoptosis following a nerve injury [56] and protect the motoneurons from stress [57].

As one of the most abundant translational factors, EEF1A is a GTP-binding protein
that is responsible for the delivery of aminoacylated tRNAs to the ribosome to increase
the size of nascent polypeptide chains [58]. EEF1A1 is also known to directly bind both
pre-existing and newly synthesized defective polypeptides released from ribosomes to
generate a signal that induces aggresome formation [59,60], which is initiated upon pro-
teasome failure, and facilitates autophagic clearance of protein aggregates to protect cells
from proteotoxicity [59]. EEF1A1 plays a critical role in maintaining long-term synaptic
plasticity. Dysregulation of EEF1A1 is involved in the molecular mechanisms behind neu-
rodegenerative diseases, which feature the presence of misfolded polypeptide-containing
intracellular inclusion bodies [61,62]. The decreased protein level of EEF1A1 distinguishes
autophagy from cell senescence [63]. Moreover, it has been proven that exogenous EEF1A1
expression inhibits caspase-independent cell death [64].

In this study, the PPI network and MCODE components of the 22 identified abundant
exosomal proteins of ADSC-F-exo disclosed that mainly two networks were involved in the
functions of exosomes, including PGK1, EEF1A1, EEF2, VCP, PLEC, ENO1, FLNB, FLNA,
VIM, TPM4, TLN1, and ACTN1; the other network included HSPA5, SERPINH1, VCL, and
SPTBN1. Notably, HSPA8 was not included in either network. It is, therefore, reasonable to
suggest that the ADSC-F-exo would exhibit some currently under-explored functions other
than the autophagy pathways in the treatment of a nerve crush injury. As not all functions
of the ADSC-F-exo could be detected in this study, an important limitation should be noted.
From this perspective, the exosomal contents may synergistically affect the target cells [65].

The results of this study provide evidence supporting that the exosomes secreted
by ADSCs following FK506 treatment reduced autophagy in the spinal segments after
nerve crush injury, thus shedding light on the new potential therapeutic application in
the regulation of inflammation and neuropathic pain after nerve crush injury. However,
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before the clinical trial, more studies should be performed to elucidate the mechanism
behind. Other limitations of this study should also be acknowledged. First, the autophagy
is upregulated to limit the effects of homeostasis perturbation and often plays a protective
function in response to cell injury [66]. Despite this, the induction of autophagy may not
only generate a hostile microenvironment [67] but also be beneficial in coping with the stress
in some neurodegenerative diseases [68]. The role of induced autophagy in macrophages
in the milieu surrounding the innervated neurons during peripheral nerve injury remains
unexplored in great detail. Second, this study did not discriminate the occurrence of
autophagy in a resident or invaded macrophages following a nerve crush injury. As these
two types of macrophages have distinct functions in the spine, the detailed information on
autophagy for these two types of macrophages has to be further explored. Third, in this
study, the autophagy of macrophages was mainly assessed by immunohistochemistry study
of the tissue section. However, further studies using mice lacking the specific ligand or
receptor of the autophagy pathway may help in providing a more solid conclusion. Fourth,
the effect of exosomes secreted from the ADSCs following FK506-induced autophagy may
rely on factors other than the protein cargo inside exosomes, such as microRNAs [69] or
long noncoding RNAs [70] and should be considered accordingly. Finally, one can expect
that the eGFP in the MaFIA mice can be expressed not only in macrophages but also in
a small proportion of mice dendritic cells [71]. In turn, it can result in biased outcome
measurements. Due to this, a deep exploration of the mechanisms underlying the functions
of exosomes secreted by ADSCs under various milieu remains unexplored and urgent.

4. Materials and Methods
4.1. Cultured Mouse ADSCs

ADSCs were purchased from iXCells Biotechnologies (MADSC-bf, San Diego, CA,
USA). The ADSCs were isolated from the interscapular brown fat tissues of C57BL/6
mice. At the beginning of the experiments, 1 × 104 ADSCs were expanded for subsequent
passages using ADSC basal medium (Cat # MD-0003) according to the manufacturer’s
instructions provided by iXcells Biotechnologies. The cells previously tested positive for
stem cell markers CD105, CD73, CD90, and CD44, and negative for CD3, CD11b, CD25,
CD45, and CD106 by flow cytometric analysis.

4.2. Exosome Isolation

The exosomes (defined as ADSC-F-exo) secreted by ADSCs following treatment with
100 µg/mL FK506 (InvivoGen, Hong Kong, China) in dimethyl sulfoxide (DMSO) for
24 h were isolated using ExoQuick-TCTM exosome precipitation solution (EXOTC50A-1,
System Biosciences), according to the manufacturer’s instructions. With the concentration
of 1 × 109 to 1 × 1010 exosomes in 100 uL of the culture media, the media were centrifuged
at 3000× g for 15 min, and the supernatant was transferred into a new tube, followed by
the addition of equal volumes of the ExoQuick-TCTM solution. After mixing, supernatants
were refrigerated at 4 ◦C overnight for at least 12 h and then centrifuged at 1500× g for
30 min. The supernatant was discarded, and the pellet was resuspended in PBS and used
for further experiments.

4.3. Characterization of Exosomes

Characterization of isolated exosomes was based on the Guidelines of the Minimal
Information for Studies of Extracellular Vesicles (MISEV2018) [72]. Expression of exosomal
surface markers on isolated 30 ug exosomes was detected by Western blotting in triplicate,
with the culture medium used as a control. For exosomes, total protein was separated
by polyacrylamide gel electrophoresis and electrotransferred to polyvinylidene fluoride
(PVDF) membranes (Millipore, Billerica, MA, USA). The membranes were blocked with
5% skim milk in PBS/Tween-20 and incubated with primary antibodies against CD9 (cat #
ab92726, 1:1000; Abcam, Cambridge, MA, USA), CD81 (cat # ab109201, 1:1000; Abcam),
Flotillin-1 (cat # 18634, 1:1000; Cell Signaling Technology, Danvers, MA, USA), TSG101 (cat
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# ab30871, 1:1000; Abcam), and the negative control protein calnexin (cat # ab22595, 1:1000;
Abcam) at 4 ◦C overnight. Then, membranes were washed with 0.1% TBS/Tween 20 for
10 min, three times at room temperature, and incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies (cat # NA931; GE Healthcare Amersham, Piscataway,
NJ, USA) for 2 h at 37 ◦C, and quantified using a FluorChem SP imaging system (Alpha
Innotech, San Leandro, CA, USA).

For TEM analyses, exosomes (10 µL) were fixed with 2.5% glutaraldehyde for 2 h
and added to a 200 mesh Formvar stabilized with carbon. The grids were stained with 2%
uranyl acetate for 1 h. The samples were analyzed using a transmission electron microscope
(HT-7700; Hitachi, Tokyo, Japan) at 100 kV.

The size and concentration of exosomes were analyzed using a Malvern NanoSight
NS300 nano tracking analyzer (NanoSight, Amesbury, UK), and the samples were injected
into the sample chamber with sterile syringes (BD Discardit II, Franklin Lakes, NJ, USA)
until the liquid reached the tip of the nozzle. The size distribution and concentration of
exosomes in the liquid suspension were measured according to the properties of both
light scattering and Brownian motion. All measurements of particle movement were
detected by a 488 nm laser at 20–100 particles/frame and 30 frames per second for 1 min at
room temperature. The software used for capturing and analyzing the data was NTA 3.1
Build 3.1.54.

4.4. Animal Nerve Crush Surgery

CSF-1R–GFP+ macrophage Fas-induced apoptosis (MaFIA) transgenic mice were
purchased from The Jackson Laboratory (stock #005070, JAX, Bar Harbor, ME, USA). The
MaFIA transgenic mouse model was developed by placing genes encoding enhanced
eGFP and mutant human FK506-binding protein (FKBP)–Fas suicide construct under the
macrophage-specific mouse colony stimulating factor 1 receptor promoter (Csf1r) [73].
Macrophages expressing eGFP can be efficiently detected by fluorescence microscopy [71].
The nerve crush injury model was established in 8–12-week-old male mice, weighing
between 20 and 30 g, and performed as in our previous reports [74,75]. Anesthesia was
induced by intramuscular injection of 25 mg/kg ketamine and 50 mg/kg xylazine. Then,
the right sciatic nerve of the mouse was exposed at the mid-thigh level and crushed with
No. 5 Jeweler forceps, using consistent pressure for 30 s.

The DRG and spinal segments of L4–6 of MaFIA transgenic mice receiving the right
sciatic nerve were harvested at 1 d, 3 d, and 7 d (n = 6 for each group of mice) for immuno-
histochemical analysis to detect autophagy in macrophages. DRG and spinal segments
from additional MaFIA transgenic mice that received surgery were harvested as naïve
controls (n = 6).

For the ADSC-F-exo treatment groups, exosomes (100 µg) resuspended in 100 µL
PBS were sprayed around the crushed nerve segment using a 30-gauge syringe needle
(Becton-Dickinson & Co, Franklin Lakes, NJ, USA). Mice with crushed nerve segments
sprayed with 100 µL PBS were used as the crush control. Three days after the crush injury
(the day was decided according to the expression data in the DRG and spinal segments
from the MaFIA mouse model with nerve crush injury), the spinal segment of L4–6 from
the right side of mice of the ADSC-F-exo treatment groups and crush control group were
dissected. The harvested spinal segments were used for immunohistochemistry and for
the detection of neurotrophins. All housing conditions, surgical procedures, analgesia,
and assessments were performed in an AAALAC-accredited specific pathogen-free facility,
following national and institutional guidelines. The animal protocols were approved by
the IACUC of Kaohsiung Chang Gung Memorial Hospital, Taiwan.

4.5. Immunohistochemistry of Autophagy-Related Markers in Spinal Segment

For immunohistochemistry, sections of DRG and spinal segment of L4–6 at 8 microm-
eter thickness were used. The frozen sections were washed with PBS-Tween 20. The slices
were blocked with PBS containing 1% Triton X-100 and 5% bovine serum albumin. The cells
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were, then, incubated with the indicated primary antibodies, including LC3A/B (Abcam-
ab128025), p62 (Abcam-ab91526), and LAMP-1 (Abcam-ab25245), in a moisture chamber
at 4 ◦C overnight. After washing, the sections were incubated with a secondary antibody
(Biolegend, San Diego, CA, USA) for 1 h at room temperature. In combination with the
staining with 4′,6-diamidino-2-phenylindole (DAPI mounting medium, VECTOR-H1200),
we analyzed the localization of these autophagy-related markers in cells expressing eGFP
using a confocal microscope (FLUOVIEW FV10i, Olympus, Tokyo, Japan). Quantification
of the number of cells that showed co-localization of DAPI, eGFP, and the autophagy-
related markers (LC3, p62, or LAMP-1) was performed based on 20 randomly selected
fields of the DRG or dorsal horn of spinal segments at 60× magnification and expressed as
an average number of cells per field.

4.6. Extraction of Exosomal Protein and iTRAQ Labeling

Exosomal proteins of ADSC-F-exo were purified using T-PER Tissue Protein Extrac-
tion Reagent (78510, Thermo Fisher Scientific, Waltham, MA, USA). Protein samples were
desalted using Amicon® Ultra-15 (Millipore, Burlington, MA, USA) and quantified us-
ing the BCA protein assay (23,225, Thermo Fisher Scientific, Waltham, MA, USA). For
iTRAQ labeling, 25 µg of the protein samples were dried using SpeedVac and resuspended
in the iTRAQ dissolution buffer, which included 0.5 M triethylammonium bicarbonate
(TEAB; pH 8.5). Protein samples were reduced using the iTRAQ reduction buffer (tris-2-
carboxyethyl phosphine, TCEP) at 60 ◦C for 30 min and then alkylated in the dark using
iodoacetamide at 37 ◦C for 30 min. After protein digestion using sequencing-grade modi-
fied trypsin (V511A, Promega, Madison, WI, USA), the samples were dried using SpeedVac.
Next, the peptides were reconstituted in the iTRAQ dissolution buffer and labeled using
iTRAQ labeling reagents, according to the manufacturer’s instructions (Applied Biosystems
Inc., Foster City, CA, USA).

4.7. Two-Dimensional Liquid Chromatography with Tandem Mass Spectrometry (2D LC-MS/MS)

The iTRAQ-labeled samples were analyzed using a Q ExactiveTM HF mass spectrome-
ter (Thermo Fisher Scientific) coupled with an UltiMate™ 3000 RSLCnano HPLC System
(Thermo Fisher Scientific). The iTRAQ-labeled peptides were pooled and desalted using
Sep-Pak C18 cartridges (Waters, Milford, MA, USA). The desalted peptides were dried
using SpeedVac and resuspended in 0.5% trifluoroacetic acid. The peptide mixtures were
loaded onto an EASY-Spray™ C18 column (Thermo Fisher Scientific) and separated using
a 0.1% formic acid solution with varying amounts of acetonitrile (5–80%). The top 15 most
abundant precursor ions within the 375–1400 m/z scan range were dynamically selected
for further fragmentation in high collision dissociation (HCD) mode, with the normalized
collision energy set to 33 ± 1%. In the full MS scan, the resolution was set to 60,000 at m/z
200, AGC target to 3 × 10-6, and maximum injection time to 50 ms. For the MS/MS scan,
the resolution was set to 15,000, AGC target to 5 × 10-4, and the maximum injection time
was set to 100 ms. The release of the dynamic exclusion of selected precursor ions was set
to 20 s.

4.8. Database Search and Protein Quantification

Raw MS data were examined using the Mascot search algorithm (version 2.5, Matrix
Science, Chicago, IL, USA) against the Swiss-Prot human protein database using Proteome
Discoverer (version 2.1, Thermo Fisher Scientific) software. For protein identification,
the search parameters were set as follows: carbamidomethylation at cysteine as the fixed
modification, oxidation at methionine, acetylation at protein N-terminus, iTRAQ-labeled
at peptide N-terminus, lysine residue as dynamic modifications, 10 ppm and 0.02 Da for
MS/MS tolerance, and maximum missing cleavage sites with two. These exosomal proteins
with at least 1.5-fold upregulation of the actin protein inside the exosome in quadruplicate
samples were identified as abundant exosomal proteins.
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4.9. Gene Annotation, Pathway and Process Enrichment Analysis, and Protein-Protein Interaction
Enrichment Analysis

Gene annotation and enrichment analysis of the pathway, process, and protein-protein
interaction (PPI) were carried out using Metascape (http://metascape.org, accessed on
30 May 2021) [76], an integrated website of a broad set of current biological databases,
and the application of a robust analytical pipeline to produce readily interpretable results.
In Metascape, the analytical conditions were as follows: minimal overlap = 3, minimal
enrichment = 1.5, and threshold of p = 0.01. In Metascape, enrichment analysis of PPI was
carried out using the following databases: STRING [77], BioGrid [78], OmniPath [79], and
InWeb_IM [80], using the Molecular Complex Detection (MCODE) algorithm [81], which is
applied to find clusters with highly interconnected regions in a network. In Metascape, the
major trans-acting factors in transcriptional regulation of these identified exosomal proteins
were detected by TRRUST [42], containing 6552 transcription factor target interactions for
828 mouse transcription factors, were used for identification.

4.10. Statistical Analysis

All results are provided as a mean ± standard error. An overall analysis of the
differences between group means was performed using one-way analysis of variance
(ANOVA), followed by a post hoc Fisher’s least significant difference test. Statistical
significance was set at p < 0.05.

5. Conclusions

This study reported that locally applied ADSC-F-exo significantly reduced autophagy
of macrophages in the spinal segments after nerve crush injury. Proteomic analysis of
ADSC-exo showed that HSPA8 and EEF1A1 are potential candidates involved in the
exosome-mediated reduction in autophagy.
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Abstract
Exosomes are secreted into the extracellular space by most cell types and con-
tain various molecular constituents, which play roles in many biological processes. 
Adipose- derived mesenchymal stem cells (ADSCs) can differentiate into a variety of 
cell types and secrete a series of paracrine factors through exosomes. ADSC- derived 
exosomes have shown diagnostic and therapeutic potential in many clinical diseases. 
The molecular components are critical for their mechanisms. Several methods have 
been developed for exosome purification, including ultracentrifugation, ultrafiltra-
tion, density gradient purification, size- based isolation, polymer precipitation and 
immuno- affinity purification. Thus, we employed four methods to isolate exosomes 
from the hADSC culture medium, including ultracentrifugation, size exclusion chro-
matography, ExoQuick- TC precipitation and ExoQuick- TC ULTRA isolation. Following 
exosome isolation, we performed quantitative proteomic analysis of the exosome 
proteins using isobaric tags for relative and absolute quantification (iTRAQ) labelling, 
combined with 2D- LC- MS/MS. There were 599 universal and 138 stably expressed 
proteins in hADSC- derived exosomes. We proved that these proteins were poten-
tial hADSC- derived exosomes markers, including CD109, CD166, HSPA4, TRAP1, 
RAB2A, RAB11B and RAB14. From the quantitative proteomic analysis, we dem-
onstrated that hADSC- derived exosome protein expression varied, with lipopoly-
saccharide (LPS) treatment, in the different isolation methods. Pathway analysis 
and proliferation, migration and endothelial tube formation assays showed varying 
effects in cells stimulated with hADSC- derived exosomes from different isolation 
methods. Our study revealed that different isolation methods might introduce varia-
tions in the protein composition in exosomes, which reflects their effects on biologi-
cal function. The pros and cons of these methods are important points to consider for 
downstream research applications.
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1  | INTRODUC TION

Exosomes are a discrete population of small extracellular vesicles 
(EVs), 30- 150 nm in size, and secreted into the extracellular space 
from most cell types.1 Exosomes represent a mode of intercellular 
communication though they contain various molecular constituents, 
including DNA, RNA, proteins and lipids.2,3 Exosomes may play a 
role in immune response, signal transduction, antigen presentation, 
metabolism and cancer development.4- 7 Exosomes from lung spher-
oid cell could attenuate and resolve bleomycin-  and silica- induced 
fibrosis.8 Exosomes from bone marrow- derived mesenchymal stem 
cells combine with atorvastatin pretreatment significantly improved 
cardiac function and promoted blood vessel formation.9

Adipose- derived mesenchymal stem cells (ADSCs) are derived 
stromal cells originating from stromal- vascular fragments of adipose 
tissue, with promising therapeutic potential.10 ADSCs can differenti-
ate into a variety of cell types and secrete a series of paracrine fac-
tors that function in cell- to- cell communication, immunoregulation, 
angiogenesis, revascularization and tissue regeneration.11- 13 Some 
paracrine factors are secreted through exosomes. Various studies 
have demonstrated that ADSC- derived exosomes have diagnostic 
and therapeutic potentials in many clinical diseases.14- 18

Lipopolysaccharide (LPS) derived from gram- negative bac-
teria which stimulating immune cell activity and triggering the in-
flammatory response. Several studies showed that LPS stimulates 
growth factors production in mesenchymal stromal cells (MSCs).19 
LPS enhanced survival of engrafted MSCs through VEGF expres-
sion and protect MSCs against apoptosis.20,21 In rat model, LPS- 
preconditioned MSCs transplantation can reduce apoptosis of 
myocardium and enhance cardiac function.21 LPS known to induce 
exosomes release and exosomes from LPS- stimulated macrophages 
increase neuroprotection and functional improvement after isch-
aemic stroke.22,23 ADSC paracrine levels of VEGF, FGF and EGF 
were also induced after LPS treatment and showed the therapeutic 
potential in acute lung injury.24 However, in current study the molec-
ular function is still not understood.

The molecular components of ADSC- derived exosomes are crit-
ical for their mechanisms of action. Exosome isolation and charac-
terization are important for their application in biomedical sciences. 
However, there is no gold standard procedure for exosome purifica-
tion. Several methods have been developed, including ultracentrif-
ugation,25 ultrafiltration,26 density gradient purification,2 size- based 
isolation,27 polymer precipitation and immuno- affinity purifica-
tion.4,28,29 The vesicle purity, yield and components may depend 
on the methods used. Thus, we analysed the protein components 
of hADSC- derived exosomes, obtained using different isolation 
methods.

In this study, we isolated exosomes from the hADSC culture me-
dium using four methods, including ultracentrifugation, size exclu-
sion chromatography, ExoQuick- TC precipitation and ExoQuick- TC 
ULTRA isolation. Following isolation, we performed quantitative 
proteomic analysis of the exosome proteins using isobaric tags for 
relative and absolute quantification (iTRAQ) labelling, combined 

with 2D- LC- MS/MS. Using these analysis techniques, we investi-
gated the protein components in hADSC- derived exosomes, using 
different isolation methods.

2  | MATERIAL S AND METHODS

2.1 | Cell culture and culture media collection

Human adipose- derived stem cells (hADSC, PT- 5006, Clonetics, 
Lonza) were cultured in keratinocyte- SFM (17005- 042, GIBCO- 
Invitrogen), supplemented with 2 mmol/L N- acetyl- L- cysteine (NAC, 
A8199, SIGMA), L- ascorbic acid 2- phosphate (Asc 2P, A8960, SIGMA) 
and 5% foetal bovine serum (16000044, GIBCO- Invitrogen).

Human umbilical vein endothelial cells (HUVECs, BCRC No. 
H- UV001) were cultured in medium 199, supplemented with 10% 
foetal bovine serum, 25 U/mL heparin (H- 3149, SIGMA), 30 µg/
mL endothelial cell growth supplement (ECGS, 02- 102, Millipore), 
2 mmol/L L- glutamine, 1.5 g/L sodium bicarbonate and 1X penicillin/
streptomycin.

For culture media collection, cell culture was limited to eight pas-
sages. 1 × 106 hADSC cells were cultured in 10 mL serum- free media, 
with/without 1 μg/mL lipopolysaccharides (LPS, L3755, SIGMA), for 
24 hours. The culture media (500 mL) were harvested and centri-
fuged at 300 g for 5 minutes to remove cells and cell debris. The 
supernatants were concentrated using the Amicon® Ultra- 15 
(UFC900324, Merck- Millipore) and transferred into new tubes for 
further use.

2.2 | Exosome isolation

2.2.1 | Ultracentrifugation (UC)

Exosomes were separated from cell culture media via multiple cen-
trifugation steps, as per the method described by Lin et al.30 Briefly, 
concentrated media were centrifuged at 2000 g for 20 minutes, then 
at 10 000 g for 30 minutes. The supernatant was harvested and cen-
trifuged at 110 000 g for 60 minutes. The pellet was resuspended in 
phosphate- buffered saline and stocked for further use.

2.2.2 | ExoQuick- TC precipitation (TC)

Exosomes were purified from the cell culture media, using the 
ExoQuick- TCTM exosome precipitation solution (EXOTC50A- 1, 
system Biosciences), according to the manufacturer's instructions. 
Briefly, concentrated media were centrifuged at 3000 g for 15 min-
utes. The supernatant was transferred into a new tube, and equal 
volumes of the ExoQuick- TC solution were added. After mixing, they 
were refrigerated at 4°C overnight, at least 12 hours, then centri-
fuged at 1500 g for 30 minutes. The supernatant was discarded, and 
pellet was resuspended in PBS and stocked for further use.
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2.2.3 | ExoQuick- TC ULTRA isolation (TCU)

Exosomes were purified from cell culture media using, the 
ExoQuick- TC® ULTRA EV isolation kit (EQULTRA- 20TC- 1, system 
Biosciences), according to the manufacturer's instructions. Briefly, 
the exosome pellet from the ExoQuick- TC was resuspended in 
200 μL buffer B and equal volumes of buffer A were added. After 
mixing, they were loaded into a prepared purification column and 
incubated at room temperature on a rotating shaker for 5 minutes. 
Exosomes were eluted by centrifuging at 1000 g for 30 seconds.

2.2.4 | qEV10 size exclusion column purification 
(qEV)

Exosomes were purified from the cell culture media using qEV10 
size exclusion columns (iZON science), according to the manu-
facturer's instructions. Briefly, 10 mL of concentrated media was 
loaded into qEV size exclusion columns, followed by elution with 
phosphate- buffered saline (PBS). Five millilitres of each frac-
tion was collected and quantified, with a spectrophotometer 
(Tecan Sunrise™). Based on the exosomes size distribution and 
protein level, the fractions containing the vesicles were pooled 
and concentrated using the Amicon® Ultra- 15 (UFC900324, 
Merck- Millipore).

2.3 | Nanoparticle tracking analysis (NTA)

Size determination and concentration measurements of hADSC 
exosomes were performed on NanoSight NS300 (Malvern 
Instruments, UK). All samples were diluted in PBS to a final volume 
of 1 mL. Following settings were set according to the manufacturer's 
software manual: camera used sCMOS mode and set camera level to 
level 16. For each measurement, set cell temperature at 25°C and set 
syringe pump speed to 70 µL/s. After capture, the videos were ana-
lysed using NanoSight Software NTA 3.4 Build 3.4.003 with a detec-
tion threshold of 5. Hardware: embedded laser: 45 mW at 488 nm; 
camera: sCMOS. The size distribution diagrams, mean/mode size 
values and standard deviations were calculated within the NTA 3.4 
software.

2.4 | Dynamic light scattering (DLS)

The size and zeta potential of exosomes was measured by dynamic 
light scattering coupled with a Zetasizer Nano ZS system (Malvern 
Instruments, UK). Briefly, exosomes samples from four methods 
were diluted to 1 mL of PBS and gently mixed to provide a homoge-
neous solution. The homogeneous solution was put in a disposable 
cuvette and transferred to a Malvern Clear Zeta Potential cell for 
the Zeta potential measurement. The data were analysed through 
Dispersion Technology Software V7.01 supplied by the Malvern 

Zetasizer Nano ZS. The mean particle diameter was calculated from 
the measured particle distributions, and polydispersity index (PdI) 
was given as a measure of the size ranges of the solution.

2.5 | Transmission Electron Microscopy (TEM)

The bi- lipid layer of exosomes was characterized with TEM, which 
was commissioned to MA- tek at Hsin- chu, Taiwan. Briefly, the iso-
lated exosomes were fixed with 2% paraformaldehyde in 0.1 mol/L 
PBS at RT. After 15 minutes, place 5 μL of exosomes samples onto 
carbon- coated 400 mesh Cu/Rh grids (Ted Pella Inc, Redding, CA) at 
RT for 1 minute. Blot the drop with filter paper and replace with a 
5 μL drop of 1% uranyl acetate (Polysciences, Inc, Warrington, PA) in 
ddH2O for three times. The stained grids were examined with JEOL 
TEM- 2000 EX II microscope.

2.6 | Exosome protein extraction and 
iTRAQ labelling

Exosome proteins were purified using the T- PER tissue protein ex-
traction reagent (78510, Thermo Scientific). The protein samples 
were desalted using the Amicon® Ultra- 15 (Merck- Millipore) and 
quantified using the BCA protein assay (23225, Thermo Scientific 
Pierce).

For iTRAQ labelling, 25 µg of the protein samples was dried using 
SpeedVac and resuspended in iTRAQ dissolution buffer [0.5 mol/L 
triethylammonium bicarbonate (TEAB), pH 8.5]. Protein samples 
were reduced, with the iTRAQ reduction buffer (tris- 2- carboxyethyl 
phosphine, TCEP) at 60°C for 30 minutes, then alkylated in the dark, 
with iodoacetamide at 37°C for 30 minutes. After the protein sam-
ples were digested using sequencing grade modified trypsin (V511A, 
Promega), they were dried using SpeedVac. Next, the peptides 
were reconstituted in 10 µL iTRAQ dissolution buffer and mixed 
with 30 µL iTRAQ labelling reagents at RT for overnight (Applied 
Biosystems Inc, Foster City). iTRAQ- labelled samples were dried 
using SpeedVac for further analysis.

2.7 | 2D LC- MS/MS

The iTRAQ- labelled samples were analysed using the Q ExactiveTM 
HF mass spectrometer (Thermo Fisher, San Jose), coupled with 
the Thermo Scientific™ UltiMate™ 3000 RSLCnano HPLC System, 
which was commissioned to the clinical proteomics core laboratory 
of Chang Gung Memorial Hospital at Linkou, Taiwan. Briefly, the 
iTRAQ- labelled peptides were pooled and desalted using Sep- Pak 
C18 cartridges (Waters). The desalted peptides were dried using 
SpeedVac and re- suspended in 0.5% trifluoroacetic acid. The pep-
tide mixtures were loaded onto a C18 column (EASY- Spray™) and 
separated using 0.1% formic acid solution, with varying amounts 
of acetonitrile (5%- 80%). The top abundant fifteen precursor ions, 
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within 375- 1400 m/z scan range, were dynamically selected for fur-
ther fragmentation in high collision dissociation (HCD) mode, with 
normalized collision energy set to 33 ± 1. In full MS scan, the reso-
lution was set to 60 000 at m/z 200, AGC target to 3e6 and maxi-
mum inject time to 50 ms In MS/MS scan, the resolution was set to 
15 000, AGC target to 5e4 and maximum injection time to 100 ms 
The release of the dynamic exclusion of the selected precursor ions 
was set to 20 seconds.

2.8 | Database search and protein quantification

The raw MS data were queried using the Mascot search algorithm 
(version 2.5, Matrix Science) against the Swiss- Prot human protein 
database via Proteome Discoverer (version 2.1, Thermo Scientific) 
software. For protein identification, the search parameters were set 
as follows: carbamidomethylation at cysteine as the fixed modifi-
cation, oxidation at methionine, acetylation at protein N- terminus, 
iTRAQ- labelled at peptide N- terminus, lysine residue as dynamic 
modifications, 10 ppm and 0.02 Da for MS/MS tolerance and maxi-
mum missing cleavage sites with 2.

2.9 | Antibodies

The commercially available primary antibodies used in this study in-
cluded the following: monoclonal rabbit anti- CD9 (92726, Abcam) 
and polyclonal rabbit anti- Rab7 (2094, cell signalling). The secondary 
antibodies used for Western blotting included HRP- conjugated goat 
anti- rabbit IgG antibodies purchased from GE Healthcare.

2.10 | WST- 1 proliferation assay

The CytoScan™ WST- 1 Cell Cytotoxicity Assay (11644807001, 
Roche) was used to measure HUVEC proliferation upon hADSC- 
derived exosome treatment. Briefly, 2 × 104 HUVECs were seeded 
in 96- well plates per well, with 100- µL culture media, for 24 hours. 
Exosomes (30 µg) from different isolation methods were added, then 
cultured for 24 hours. Finally, 10 µL of the WST- 1 Assay Dye Solution 
was added to each well and the plate incubated in the cell culture in-
cubator overnight. Finally, the plates were measured at 450 nm using 
a microplate reader.

2.11 | Wound healing cell migration assay

HUVECs (2 × 104) were seeded in 2- well silicone inserts (81176, 
ibidi) and incubated in the cell culture incubator overnight. Exosomes 
(30 µg) were added to each well, and the silicon inserts removed. 
Images were acquired using a light microscope. After 8 hours, images 
were acquired again. The migration areas were measured using the 
ImageJ software.

2.12 | Endothelial tube formation assay

The Angiogenesis Assay (K905- 50, BioVision) was used to measure 
the tube forming ability of HUVEC upon hADSC- derived exosome 
treatment. 96- well plates were pre- coated with extracellular matrix 
gel. HUVECs (1 × 104) were seeded in the 96- well and treated with 
30 µg of exosomes, from different isolation methods. After 6 hours, 
the culture media were removed and the cells washed with wash 
buffer. The cells were stained, with staining dye at 37°C for 30 min-
utes. The images were acquired using a fluorescence microscope.

2.13 | Statistical analyses

All data were processed using the GraphPad Prism 5 for Windows 
(version 5.01). Variables were presented as the mean ± standard 
deviation (SD). Pairwise comparisons were performed using the 
Student's t- test and represented with a P value. All statistical tests 
were two- tailed, and differences were considered significant at 
P < .05.

3  | RESULTS

3.1 | Exosomes isolation and identification

Exosomes were isolated from 500- mL culture media. After different 
methods isolating, the exosome proteins yield was measured using 
absorbance at 280 nm and particles number was measured using 
NTA. The data showed that exosome proteins yield and particle 
number in UC group was higher than other groups (Figure S1).

The identification of exosomes from different isolated methods 
bases on size and morphology. The size distribution of exosomes 
was measured using DLS and NTA (Figure S2A,B), and the bi- lipid 
layer morphology of exosomes was display by TEM (Figure S2C). The 
exosomes display a cup- shaped, and the Z- average of exosomes was 
90.32 d.nm in UC group, 83.43 d.nm in qEV group, 69.3 d.nm in TC 
group and 83.38 d.nm in TCU group.

3.2 | Generation of hADSC- derived exosome 
proteomic data sets

To identify the protein components in hADSC- derived exosomes, 
we performed an iTRAQ- based quantitative proteomic analysis to 
analyse differentially expressed proteins from different isolation 
methods, including ultracentrifugation, qEV- 10 size exclusion chro-
matography, ExoQuick- TC precipitation and ExoQuick- TC ULTRA 
isolation (Figure 1). hADSC were treated, with or without LPS, and 
the culture media harvested for further analyses. Exosomes puri-
fied by different isolation methods were labelled with 4- plex iTRAQ 
reagents of varying masses (114- 117). The experimental design is 
summarized in Table S1. The exosomes from ultracentrifugation and 
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qEV- 10 size exclusion chromatography were grouped (Group 1) and 
those from the ExoQuick- TC precipitation and ExoQuick- TC ULTRA 
isolation into another group (Group 2).

We identified 1461 proteins and quantified 1136 proteins in 
Group 1 via 2D- LC- MS/MS analysis. In Group 2, we identified 897 
proteins and quantified 801 proteins in Group 2 (Table S2). There 
were 599 exosome proteins from the four isolation methods, be-
longing to many protein families (Figure 2A, Table S3), including CD 
antigen (CD44, CD109 and CD166), heat shock proteins (HSPA1A, 
HSPA4, HSPA8, HSPB1, HAS90AA2P, HSP90AA1 and HSP90AB1), 
RAB proteins (RAB2A, RAB7A, RAB14 and RAB11B), proteasome 
proteins (PSMC6, PSMC1, PSMD12, PSMD2, PSMD3 and PSMD7), 

Annexins (ANXA 1- 6), ribosomal protein, etc CD9 and Alix are com-
mon exosome markers only found in Group 1; conversely, CD81 and 
TSG101 were only found in Group 2. We used Western blotting to 
verify the MS analysis results. The data showed that CD9 was de-
tected in Group 1 (UC and qEV) but not in Group 2 (TC and TCU). 
Rab7 was detected in Group 1 and Group 2 (Figure S3). These results 
consist with MS analysis (Tables S2 and S3).

3.3 | Characterization of hADSC- derived 
exosome proteins

Using Gene Ontology analysis, we showed the cellular distribution 
of 599 hADSC- derived exosome proteins (Figure 2B), which included 
23.4% cell part, 12.1% membrane, 29.8% organelle and 5.7% extra-
cellular region. A majority of the biological processes were cellular 
and metabolic processes, biological regulation, response to stimuli, 
localization and signalling (Figure 2C).

There were 138 proteins that were stably expressed in hADSC- 
derived exosomes (Table 1). The fold change in protein expression 
was smaller than 1.5 in group 1 (UC, compare with qEV) and group 

2 (TC, compare with TCU). These proteins, including CD109, CD166, 
HSPA4, TRAP1, RAB2A, RAB11B and RAB14, are potential biomark-
ers for hADSC- derived exosome.

3.4 | Differences in the four kinds of 
isolation method

To investigate the differences in exosome component distribution 
from the four isolation methods, we analysed protein expression 
from LPS- induced and normal hADSC- derived exosome. The results 
demonstrated that there were 115 differentially expressed proteins, 

F I G U R E  1   The experimental workflow used for exosome 
isolation

F I G U R E  2   hADSC- derived exosome protein identification. A, Venn diagram depicting the number of proteins common to the four 
isolation methods. Gene ontology analysis showing the cellular component (B) and biological processes (C) of the exosome proteins 
identified from the four isolation methods
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with twofold changes, from the UC isolation method (59 up-  and 
56 down- regulated), 457 in the qEV isolation method (150 up-  and 
307 down- regulated), 95 in the TC isolation method (55 up-  and 40 
down- regulated) and 311 in the TCU isolation method (205 up-  and 
106 down- regulated) (Figure 3A and Table S4). There is a difference 
in the number of exosome proteins regulated, after LPS treatment, 
in the four isolation methods.

Next, we found 50 differentially expressed proteins, with two-
fold changes in both UC and qEV, but with different expression pro-
files (Figure 3B, Table S5). In the TC and TCU groups, there were 49 
proteins differentially expressed, with similar profiles. Surprisingly, 
there was almost no intersection of these two protein groups.

Through gene ontology analysis, we showed the pathways the dif-
ferentially expressed proteins are involved in (Figure 3C). In all groups, 
these differentially expressed proteins were involved in the integrin 
signalling pathway and inflammation. In UC, these differentially ex-
pressed proteins were also involved in the cholecystokinin receptor 
(CCKR) signalling pathway, oxidative stress response and angiogene-
sis. In qEV, these proteins were involved in the CCKR signalling path-
way, EGF receptor signalling pathway and cytoskeletal regulation. In 
TC, they were involved in cytoskeletal regulation, angiogenesis, and 
EGF and PDGF receptor signalling pathways. In TCU, they were in-
volved in cytoskeletal regulation, angiogenesis and the EGF receptor 
signalling pathway.

Together, these results indicated that the different isolation meth-
ods affected the protein expression profiles after LPS treatment.

3.5 | The biological function of LPS- induced 
hADSC- derived exosomes

Pathway analysis, using WST- 1 proliferation, migration and en-
dothelial tube formation assays, the biological function of LPS- 
induced hADSC- derived exosomes, obtained from the different 
isolation methods, was evaluated. In the WST- 1 proliferation assay, 
hADSC- derived exosomes were added to HUVEC, with/without LPS 
treatment. LPS- induced exosomes significantly increased cell prolif-
eration in qEV and UC, but not in TCU (Figure 4A). However, LPS- 
induced exosomes decreased cell proliferation in TC. In the wound 
healing migration assay, LPS- induced exosomes did not affect the 
cell migration ability, except in TC (Figure 4B).

Next, we used the tube formation assay to evaluate angiogene-
sis. HUVECs were seeded in Matrigel- coated 96- well, and hADSC- 
derived exosomes, with/without LPS, added. Through quantitative 
analysis of tube area and total tube length, LPS- induced exo-
somes significantly decreased tube formation ability in UC and TC 
(Figure 4C). However, the tube formation ability of HUVECs in-
creased after LPS- induced exosome treatment in qEV. In TCU, LPS- 
induced exosomes increased total tube length, but not tube area.

Together, these results indicated that LPS- induced exosomes 
affected cell proliferation, migration and tube formation. However, 
the results were inconsistent with exosomes isolated using different 
methods.U
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4  | DISCUSSION

In this study, we used ultracentrifugation, size exclusion chroma-
tography, ExoQuick- TC and ExoQuick- TC ULTRA precipitation to 
isolate exosomes from hADSC culture medium. Quantitative prot-
eomic analysis was performed to identify and quantify the protein 
content in the exosomes. We showed 599 proteins, which belonged 
to the same protein family, in all four isolation methods. CD antigen 
and heat shock proteins are commonly used exosome markers.6,31,32 
Other protein families were also identified in the hADSC- derived 
exosomes such as RAB, proteasome proteins, Annexins and ribo-
somal proteins (Table S3). Through iTRAQ labelling, we found 138 

proteins that were stably expressed in hADSC- derived exosomes, 
irrespective of the isolation method. These proteins are potential 
markers for hADSC- derived exosomes, including CD109, CD166, 
HSPA4, TRAP1, RAB2A, RAB11B and RAB14. Although some pro-
teins are commonly used as exosome markers such as CD9, CD81, 
Alix and TSG101, we found CD9 and Alix only in Group 1 (UC and 
qEV); conversely, CD81 and TSG101 were only found in Group 2 
(TC and TCU). We do not rule out the effect of experimental limita-
tions on this result. Contamination in mass spectrometry analyses is 
a major problem, which leads to ion suppression and interferes with 
protein identification.33,34 One of the most common contaminants is 
polyethylene glycol (PEG) in samples.35 Exosomes were isolated via 

F I G U R E  3   Hierarchical cluster analysis of differentially expressed proteins in the hADSC- derived exosome. A, Proteins with a 2- fold 
change in the four isolation methods were compared in each group. B, Hierarchical clustering of exosome proteome was performed via 
unsupervised hierarchical classification, and distance trees were constructed from differentially expressed proteins in each group. The 
isolation methods are shown in columns and proteins in rows. The heat map scale of fold- change from −2 (green) to 2 (red). C, Pathway 
analysis of differentially expressed proteins in each group, based on universal Gene Ontology annotation terms
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precipitation using polymers in TC and TCU. We could not eliminate 
these polymers in sample preparation and they interfere with pro-
tein identification.

The quantitative proteomic analysis demonstrated that the 
hADSC- derived exosome protein expression and quantities varied, 
with LPS treatment and different isolation methods. For exam-
ple, Rab5B was down- regulated after LPS treatment in UC (LPS/
control = 0.436), but up- regulated in qEV (LPS/control = 2.833). 
Ultracentrifugation and size exclusion chromatography isolate exo-
somes based on different principles. It caused a dramatic change in 
the result of our experiment. This phenomenon was not observed in 
TC and TCU, which showed similar expression profiles. ExoQuick- TC 
and ExoQuick- TC ULTRA are the same series of products, with the 
same exosome isolation principle. Although similar proteins were 
purified with different methods, their proportions differed.

The different molecular contents of exosomes reflect their biolog-
ical functions. Pathway analysis of differentially expressed proteins in 
each group showed diverse results. We also used cell proliferation, 
migration and endothelial tube formation assays to evaluate the bio-
logical functions of exosomes. These assays showed the varying ef-
fect of hADSC- derived exosomes, from different isolation methods, 
on LPS- stimulated cells. Exosome isolation methods may indirectly 
select for some vesicle subpopulations, with specific biochemical or 
physical characteristics, which affect the experimental outcome.36 
This may explain the varying effects observed in the functional assay.

Exosomes are promising diagnostic, prognostic, therapeutic and 
drug delivery tools in clinical settings. Uniformity and quality are 
major challenges associated with exosome application. Many stud-
ies revealed the efficiency, yield and purity, size- distribution, RNA/
protein quality and miRNA composition of isolated exosomes.28,37,38 

F I G U R E  4   The effect of LPS- induced exosomes. HUVECs were treated with hADSC- derived exosomes, obtained with or without LPS 
treatment, followed by WST- 1 proliferation (A), migration (B) and endothelial tube formation (C) assays. The results are presented as the 
means ±SDs; * indicates significance P < .05, ** indicates significance P < .01, as assessed by the Student's t- test
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These reports revealed that different isolation methods introduced 
variations in exosomal component distribution. Each method has 
certain benefits and drawbacks such as purity, isolation scale and 
desired ease for a particular application. Through our quantitative 
proteomic analysis, we provided a set of hADSC- derived exosomal 
marker proteins, which were independent of the isolation method. It 
may be beneficial to identify exosomes and develop affinity chroma-
tography for their isolation.

5  | CONCLUSION

In conclusion, our study revealed that different isolation methods 
might introduce diversity in the protein composition of exosomes, 
which reflects their various effects on biological function. We fo-
cused on the protein composition in this study. The DNA, RNA and 
lipid contents and amount varied, with methodological differences. 
The pros and cons of these methods are important points to con-
sider for downstream research applications.
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Abstract 

The heterogeneity of exosome populations presents a great challenge to their study. The current study 
was designed to investigate the potential heterogeneity miRNA contents in circulating exosomes purified 
via different exosomal markers. In this study, exosomes from the serum of C57BL/6 mice after cecum 
ligation and perforation (CLP) or sham operation were isolated by precipitation using ExoQuick-TC and 
affinity purified with anti-Rab5b, anti-CD9, anti-CD31, and anti-CD44 antibodies using the Exo-Flow 
Exosome Capture kit to collect exosome subpopulations. RNA extracted from the exosomes isolated by 
ExoQuick-TC were profiled by next-generation sequencing (NGS). Real-time quantitative reverse 
transcription polymerase chain reaction (RT-qPCR) was also employed to determine the expression 
profiles of four representative exosomal miRNAs (mmu-miR-486-5p, mmu-miR-10a-5p, 
mmu-miR-143-3p, and mmu-miR-25-3p) selected from the NGS analysis. The results revealed that the 
expression patterns of these miRNAs in exosomes isolated by ExoQuick-TC as determined by RT-qPCR 
and NGS were similar, showing upregulation of mmu-miR-10a-5p and mmu-miR-143-3p but 
downregulation of mmu-miR-25-3p and mmu-miR-486-5p following CLP when compared to the levels in 
exosomes from sham control mice. However, their expression levels in the antibody-captured exosome 
subpopulations varied. The miRNAs in the exosomes captured by anti-Rab5b or anti-CD9 antibodies 
were more similar to those isolated by ExoQuick-TC than to those captured by anti-CD44 antibodies. 
However, there were no significant differences in these four miRNAs in CD31-captured exosomes. This 
study demonstrated that purification with different exosomal markers allows the collection of different 
exosome subpopulations with various miRNA contents. The results of this study demonstrate the 
heterogeneity of circulating exosomes and suggest the importance of stratifying exosome subpopulations 
when using circulating exosomes as biomarkers or investigating exosome function. In addition, this study 
also emphasized the necessity of using a consistent exosome marker across different samples as detecting 
biomarkers. 

Key words: Biomarkers; Exosome; MicroRNA; Next-generation sequencing; Subpopulation; Surface markers 

Introduction 
Exosomes are a type of extracellular vesicle (EV) 

secreted by a variety of cells that are composed of 
lipid bilayers and carry different molecules, including 
DNA, mRNAs, microRNAs (miRNAs), non-coding 
RNAs, and proteins [1]. Exosomes have been 
suggested to mediate intercellular communication [2] 

fundamental roles in numerous physiological and 
pathological processes [3, 4]. 

The results of some studies have indicated that 
most miRNAs are expressed at similar levels in cells 
and exosomes [5, 6], thus leading to the proposition 
that exosomes originating from cancer cells could be 
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used as biomarkers, as they contain the same miRNA 
contents as their parent cells [6, 7]. While exosomes 
share a set of common contents, their composition 
may be strongly dependent on their parent cells and 
their physiopathological conditions [8, 9]. Cells 
release distinct exosome subpopulations with unique 
compositions [9]. It also is expected that exosomes are 
delivered to recipient cells through surface proteins 
that have affinity for receptors on the recipient cells 
[10], and thus they elicit differential effects [9]. Surface 
proteins that have been commonly used for the 
identification or purification of exosomes include 
tetraspanins (CD9, CD63, CD81, and CD82), proteins 
involved in the biogenesis of multivesicular bodies 
(TSG101 and Alix), the membrane trafficking protein 
Rab5b, and the membrane transport and fusion 
protein flotillin [7, 11-13]. Although exosomes can be 
purified by size-exclusion chromatography, density 
gradient ultracentrifugation, or ultrafiltration, 
fractionation of their subpopulations is dependent on 
affinity techniques [14-16]. Proteomic analyses have 
shown wide variation in the cellular expression of 
different tetraspanins in cells [17], and different 
exosomal subpopulations have been isolated by 
differential separation via immuno-isolation using 
either CD63, CD81, or CD9 [17]. 

Studies on the enrichment of miRNAs in EVs 
suggest that miRNAs may be selectively packaged 
into EVs [18], and a study of cultured cells confirmed 
differential packaging of miRNAs into distinct 
subpopulations of EVs [19], with functional transfer of 
the miRNAs via EVs [20, 21]. However, it is still 
unclear if the miRNA cargo in different exosome 
subpopulations isolated by affinity techniques carry 
more of certain miRNAs than others. Under the 
hypothesis that a profound critical illness with diverse 
pathophysiologic responses, like sepsis, may occur 
with secreted diverse exosome subpopulations for 
subsequent observation and experimental study, the 
present study was designed to investigate the miRNA 
profiles of circulating exosomes from septic mice by 
affinity techniques and the exosomes subpopulations 
captured by affinity purification using antibodies 
against Rab5b, CD9, CD31, and CD44. These findings 
revealed the existence of exosome subpopulations 
with unique miRNA contents. 

Methods 
Animal models of sepsis 

Male C57BL/6 mice (BioLasco, Taipei, Taiwan) 
were housed in a specific-pathogen-free (SPF) facility, 
which is accredited by the Association for Assessment 
and Accreditation of Laboratory Animal Care 
International (AAALAC). Mid-grade sepsis was 

induced in the animal models by cecum ligation and 
perforation (CLP) [6]. Briefly, mice were anesthetized 
with a combination of 0.1 mg/g ketamine and 0.01 
mg/g xylazine. Via midline abdominal incision, the 
cecum was mobilized and ligated in the middle of the 
cecum, below the ileocecal valve, punctured once 
using a 21-G needle, and a small stool sample was 
squeezed out of the cecum to induce polymicrobial 
peritonitis. The abdominal wall was closed in two 
layers. Sham-operated mice underwent the same 
procedure, including opening of the peritoneum and 
exposing the bowel, but without ligation and needle 
perforation of the cecum. After surgery, the mice were 
resuscitated by subcutaneous injection of pre-warmed 
(37°C) normal saline (at 5 mL per 100 g of body 
weight). Total fifty-four mice were used in this study. 
All animal protocols were approved by the 
Institutional Animal Care and Use Committee of 
Chang Gung Memorial Hospital. All surgical 
procedures, including analgesia, were performed 
according to national and institutional guidelines. 

Blood sample collection and exosome isolation 
At 16 h after surgery, 0.5 mL of whole blood 

were collected from each sham-operated and 
CLP-treated mouse into tubes containing 
anticoagulant. After incubation at room temperature 
for 15 min, the samples were centrifuged at 3,000 × g 
for 10 min. The white blood cells were slowly 
removed from the corresponding layers, and serum 
samples were extracted. Exosomes were isolated with 
the exosome isolation reagent, ExoQuick-TC (System 
Biosciences, Palo Alto, CA, USA). Briefly, the 
supernatants were transferred to sterile tubes 
containing 63 μL of ExoQuick-TC Precipitation 
Solution (System Biosciences), mixed, and incubated 
for at least 12 h at 4°C. After incubation, the samples 
were centrifuged at 1,500 × g for 30 min at 4°C. The 
white pellet containing exosomes was resuspended in 
500 μL of buffer. 

Purification of exosome subpopulations 
Isolated exosomes were further purified using 

the immune-affinity Exo-Flow Exosome Capture kit 
(System Biosciences). Briefly, 40 µL of biotinylated 
capture antibodies (Rab5b, CD9, CD31, and CD44) 
were conjugated to 10 µL of Exo-Flow 9.1 µm 
streptavidin-conjugated magnetic beads on ice for 2 h 
to allow for the efficient capture of exosomes 
expressing these surface markers. Next, the samples 
were incubated on a rotating rack at 4°C overnight. To 
validate the isolation procedure, 200 µg of 
exosome-coated beads were stained with Exo-FITC 
exosome stain (System Bioscience) on ice for 2 h and 
then analyzed with a BD LSR II flow cytometer (BD 
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Biosciences). Beads without the biotinylated capture 
antibodies were used as negative controls. 

Characterization of exosomes 

Expression of exosomal surface markers 
Expression of exosomal surface markers on the 

ExoQuick-isolated exosomes was detected by western 
blotting, in triplicate. Serum samples were used as a 
negative control. Exosome samples from the blood of 
CLP and sham mice were lysed, and the total proteins 
were separated by polyacrylamide gel electrophoresis 
(PAGE) and electrotransferred to polyvinylidene 
fluoride (PVDF) membranes (Millipore, Billerica, MA, 
USA). The membranes were blocked with 5% skim 
milk in PBS/Tween-20 and incubated with primary 
antibodies against CD9 (cat # ab92726, 1:1000; Abcam, 
Cambridge, MA, USA), TSG101 (cat # ab30871, 1:1000; 
Abcam), Flotillin-1 (cat # 18634, 1:1000; Cell Signaling 
Technology, Danvers, MA, USA), CD81 (cat # 
ab109201, 1:1000; Abcam), and Calnexin (cat # 
ab22595, 1:1000; Abcam) at 4°C overnight. The PVDF 
membranes were washed with 0.1% TBS/Tween 20 
for 10 min, three times at room temperature and 
incubated with horseradish peroxidase (HRP)-conju-
gated secondary antibodies (cat # NA931; GE 
Healthcare Amersham, Piscataway, NJ, USA) for 2 h 
at room temperature, and the detected proteins were 
quantified using a FluorChem SP imaging system 
(Alpha Innotech, San Leandro, CA, USA). 

Transmission electron microscope (TEM) analyses 
Exosome samples in 10 µL amount were fixed 

with 2.5% glutaraldehyde for 2 h and added to a 200 
mesh Formvar which was stabilized with carbon. The 
grids were stained with 2% uranyl acetate for 1 h. 
Samples were analyzed with a transmission electron 
microscope HT-7700 in 100 kV (Hitachi, Tokyo, 
Japan). 

Dynamic light scattering (DLS) analysis 
A Zetasizer Nano-ZS dynamic light scattering 

(DLS) system (Malvern, Montréal, QC, Canada) was 
used to measure the particle hydrodynamic diameter 
of the isolated exosomes. Each sample (100 mL) was 
loaded into an ultraviolet microcuvette (BRAND; 
Essex, CT, USA) at 4°C. The Brownian motion of a 
particle was measured by the fluctuations of scattered 
light intensity at a wavelength of 633 nm and a fixed 
angle of 173° to indicate the velocity distribution of 
particle movement in solution. The diameter of the 
exosomes was measured using the Stokes–Einstein 
equation to determine the particle’s hydrodynamic 
radius. Each data point from each replicate represents 
an average of three measurements of 12–18 runs, 
which was set automatically. The average particle 

diameter was obtained from the peak of the Gaussian 
model fit to the particle distribution. The 
polydispersity index (PdI) was determined to reflect 
the width of the primary size distribution in solution 
[22]. 

RNA isolation 
To detect the exosomal miRNAs, exosomes were 

eluted from magnetic beads by incubation in elution 
buffer for 2 h on a rotating rack. Total RNA from the 
exosomes was enriched using the SeraMir 
ExosomeRNA Amplification kit (System Bioscience). 
The purified RNA yield was determined by 
measuring the absorbance at 260 nm using an 
SSP-3000 Nanodrop spectrophotometer (Infinigen 
Biotech, City of Industry, CA, USA), and RNA quality 
was evaluated with an Agilent Bioanalyzer (2100; 
Agilent Technologies, Palo Alto, CA, USA). 

Next-generation sequencing (NGS) 
RNA samples from the circulating exosomes of 

three mice with CLP were pooled for next-generation 
sequencing (NGS). The exosomal RNA samples from 
three mice without CLP (sham) were pooled for use as 
a control. The RNA samples were sent to GeneTech 
Biotech Co., Ltd. (Taipei, Taiwan) for cloning. The 
miRNA population, with lengths of 15–30 nucleotides 
(nt), was passively eluted from polyacrylamide gels, 
precipitated with ethanol, and dissolved in water. 
Linkers were ligated to the small RNAs, and 
bar-coded cDNAs were prepared using the TruSeq 
Small RNA Sample Prep Kit (Illumina, San Diego, CA, 
USA) according to the manufacturer’s instructions. 
Briefly, Adapters were ligated to the 3′ and 5′ ends of 
an aliquot (1 μg) of the pooled small RNAs. Then, 
adapter-ligated RNAs were reverse transcribed with 
SuperScript II Reverse Transcriptase (Invitrogen, 
Carlsbad, CA, USA) and amplified by polymerase 
chain reaction (PCR) in 15 cycles. The samples were 
indexed with barcodes of 15 variants of the reverse 
primers. A barcode was ligated directly to the miRNA 
to significantly reduce sample bias. Individual 
libraries were analyzed on a BioAnalyzer (Agilent 
Technologies) for the presence of linked cDNA, and 
11 bar-coded libraries of the appropriate size (135–165 
bp) were generated. 

Quantification of miRNA expression 
Real-time quantitative reverse transcription 

polymerase chain reaction (RT-qPCR) was employed 
to determine the expression profiles of selected 
representative exosomal miRNAs selected from the 
NGS analysis. The four miRNAs selected 
(mmu-miR-486-5p, mmu-miR-10a-5p, mmu-miR- 
143-3p, and mmu-miR-25-3p) were the most abundant 
miRNAs in the circulating exosomes of the mice 
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following CLP, as shown by the NGS analysis. Each 
RNA sample was reverse transcribed to cDNA by 
using the TaqMan® MicroRNA Reverse Transcription 
Kit (Applied Biosystems, Foster City, CA, USA) 
according to the manufacturer’s instructions. The PCR 
products were mixed with TaqMan Universal PCR 
Master Mix (No. UNG, PN 4324018, Applied 
Biosystems) and specific miRNA primers from the 
TaqMan MicroRNA Assays Kit (Applied Biosystems). 
As an internal control for the expression of each 
miRNA, 25 fmol of single-stranded cel-miR-39, 
synthesized by Invitrogen, was added. The RT–qPCR 
was run on a 7500 real-time PCR system (Applied 
Biosystems), and the relative expression levels were 
calculated in six samples and compared to those in the 
control samples. The expression of a given miRNA 
within the total exosomes isolated with ExoQuick-TC 
and the affinity-purified subpopulations captured 
with the Rab5b, CD9, CD31, and CD44 Exo-Flow 
Exosome Capture Kits was compared between mice 
with CLP or without (sham) (n = 6 for each subgroup). 
Prism 7 (GraphPad Software, San Diego, CA, USA) 
was used for statistical analysis, and differences were 
considered significant if the mean value differed from 
the control by more than two fold, with a p-value less 
than 0.05. 

Functional annotation of the predicted targets of the 
differentially expressed miRNAs 

The miRSystem (http://mirsystem.cgm.ntu 
.edu.tw/) was used for target prediction and 
functional annotation of the differentially expressed 
miRNAs within the total exosomes and exosome 
subpopulations captured by different surface 
markers. The miRSystem is a web-based system that 
is used to identify the biological functions/pathways 
regulated by miRNAs based on the functions of their 
predicted target genes by integrating seven miRNA 
target gene prediction databases (DIANA, miRanda, 
miRBridge, PicTar, PITA, rna22, and TargetScan) and 
two experimentally validated databases (TarBase and 
miRecords) [23]. The analysis parameters in 
miRSystem were set as follows: (1) hit frequency = 5, 
(2) observed to expected (O/E) ratio = 2, (3) minimal 
size of genes annotated by ontology term for testing 
>50, and (4) matched pathways from the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) 
database. The R statistical package (version 3.3.3) was 
used for hierarchical clustering of the annotated 
functions. 

Results 
Characterization of total exosomes and 
exosome subpopulations 

To characterize the exosomes isolated by 
ExoQuick-TC, the expression of the positive exosomal 
surface markers CD9, TSG101, flotillin-1, CD81 and 
negative control markers calnexin were evaluated by 
western blotting for exosome samples from mice 
treated with CLP or without (sham), but not from 
serum samples (Figure 1A). The exosomes displayed a 
cup-shaped morphology with lipid bilayers and 
acceptable quality in terms of their size range and 
morphology as evaluated by TEM (Figure 1B). DLS 
analysis (Figure 1C) showed that, for mice treated 
with and without CLP, the average exosome size was 
102.4 ± 15.2 nm and 119.0 ± 21.4 nm, respectively, and 
the PDI was approximately 0.28 and 0.41, 
respectively. The size distributions were 
single-peaked, with relatively good quality and even 
size distribution for those exosomes isolated by 
ExoQuick-TC and for those subsequently 
affinity-purified subpopulations captured with the 
Rab5b, CD9, CD31, and CD44 Exo-Flow Exosome 
Capture Kits (Figure 1D). In Figure 2, the bead flow 
separation data for the various capture antibodies 
coupled with FITC staining are shown as plots of 
forward-scattered light (FSC) versus FITC intensity. 
The addition of FITC to exosomes captured with 
antibodies against Rab5b, CD9, CD31, and CD44 
resulted in increased FITC intensities when compared 
with exosomes that were not stained with FITC, 
indicating good separation of the different exosome 
subpopulations by the Exo-Flow Exosome Capture 
Kits. 

NGS analysis of miRNAs 
The NGS analysis data are shown in 

Supplemental Table 1. About six million high-quality 
raw reads were obtained from the libraries. Selected 
reads from these libraries were mapped to the mice 
genome, representing 50.89% and 70.46% of the total 
reads. miRNAs comprised 49.45% and 26.31% of the 
total reads. The rest of the sequences were other types 
of RNA, including noncoding RNA, rRNA, scRNA, 
snRNA, snoRNA, srpRNA, and tRNA (Supplemental 
Table S1). The number of reads is shown in 
Supplemental Table S2. Using the selection criteria of 
(1) a fold change <0.7 for downregulation or >1.5 for 
upregulation after CLP and (2) at least one condition 
(with or without CLP) with more than 500 reads, 21 
interesting miRNA targets were obtained. 
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Figure 1. Characterization of exosomes isolated by ExoQuick-TC from mice with or without cecum ligation and perforation (CLP) by (A) western blotting for the exosomal 
surface markers CD9, TSG101, flotillin-1, CD81, and negative control marker Calnexin using serum samples as a control; (B) the morphology of exosomes as detected by 
transmission electron microscopy, red arrowheads indicate exosomes; and (C) the average size of the exosomes as quantified by dynamic light scattering analysis. (D) The 
average size of the exosomes quantified by dynamic light scattering analysis of those affinity-purified subpopulations captured with the Rab5b, CD9, CD31, and CD44 Exo-Flow 
Exosome Capture Kits. 

 
Figure 2. Isolated exosomes were further purified using the immune-affinity Exo-Flow Exosome Capture kit, detected by flow cytometry, and plot as forward-scattered light 
(FSC) versus FITC intensity in the bead flow separation for the various capture antibodies (Rab5b, CD9, CD31, and CD44) coupled with FITC staining. Beads without the 
biotinylated capture antibodies were used as negative controls. 

 

Expression of selected representative miRNAs 
in the exosomes 

Among these 21 miRNAs, the four most 
abundant exosomal miRNAs (mmu-miR-486-5p, 
mmu-miR-10a-5p, mmu-miR-143-3p, and mmu-miR- 
25-3p) following CLP were selected as representative 
targets for validation by RT–qPCR. The expression 
levels of these miRNAs within the exosomes isolated 
by ExoQuick-TC and the subpopulations of exosomes 
purified using Rab5b, CD9, CD31, and CD44 
Exo-Flow Exosome Capture Kits were measured both 
following CLP and in the sham controls. The 
expression levels of these four miRNAs in the 
exosomes isolated by ExoQuick-TC, as measured by 
RT–qPCR and NGS, were similar, showing 

upregulation of mmu-miR-10a-5p and mmu-miR- 
143-3p but downregulation of mmu-miR- 
25-3p and mmu-miR-486-5p following CLP against 
when compared the sham control (Figure 3). 
However, their expression levels in the antibody- 
captured exosome subpopulations varied. For 
Rab5b-captured exosomes, mmu-miR-143-3p was 
upregulated but mmu-miR-25-3p and mmu-miR- 
486-5p were downregulated following CLP when 
compared to the levels in the sham control. In 
CD9-captured exosomes, mmu-miR-10a-5p and 
mmu-miR-143-3p were upregulated but mmu-miR- 
25-3p was downregulated following CLP. In 
CD44-captured exosomes, mmu-miR-25-3p, mmu- 
miR-143-3p, and mmu-miR-486-5p were downregu-
lated following CLP. In CD31-captured exosomes, 
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none of these four miRNA targets differed 
significantly. 

Hierarchical clustering of the annotated 
functions 

The miRSystem was used for target prediction 
and functional annotation of the differentially 
expressed miRNAs within the total exosomes and 
exosome subpopulations captured via different 
surface markers. Hierarchical clustering of the 
annotated functions of the predicted targets of the 
differentially expressed miRNAs are shown in Figure 
4, which revealed that the annotated functions of the 
antibody-captured exosomes differed from those of 
exosomes isolated via ExoQuick-TC. Although the 
patterns of annotated functions were similar between 
Rab5b- and CD44-captured exosomes, it should be 
noted that, following CLP, mmu-miR-143-3p was 
upregulated in Rab5b-captured exosomes but 
downregulated in CD44-captured exosomes. 
Furthermore, the annotated functions of the predicted 
targets could not be determined for CD31-captured 
exosomes, since there were no significant differences 
in the four selected miRNAs following CLP. 

Discussion 
This study revealed that there are unique 

miRNA content patterns among exosome 
subpopulations purified via various exosomal 
markers. Our results are in accordance with those of 
other studies which revealed that the contents of EVs 
varied based the levels of protein markers like CD9, 
TSG101, and ALIX [24, 25]. It has been reported that 
the miRNA concentrations varied greatly among 
exosomes purified via different isolation methods [15, 
26]. According to our study results, even when using 
the same method to isolate exosomes, purification via 
different exosomal markers collected different 
exosome subpopulations with distinct miRNA 
contents. Although it is generally believed that the 
surface proteins of exosomes, along with their 
molecular cargo, are a rich source of biomarkers for 
various pathological conditions [27], this study 
demonstrated the heterogeneity of circulating 
exosomes and implied the importance of stratifying 
exosome subpopulations when using circulating 
exosomes for biomarkers or investigating the 
functions of exosomes. In addition, this study also 
emphasized the necessity of using a consistent 
exosome marker across different samples when 
detecting biomarkers. 

 

 
Figure 3. Expression of the four most abundant exosomal miRNAs (mmu-miR-486-5p, mmu-miR-10a-5p, mmu-miR-143-3p, and mmu-miR-25-3p) as detected by RT-qPCR in 
the total exosomes isolated by ExoQuick-TC and the subpopulations purified by Rab5b, CD9, CD31, and CD44 Exo-Flow Exosome Capture Kits following cecum ligation and 
perforation (CLP). 
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Figure 4. Hierarchical clustering of the annotated functions of predicted targets in miRSystem according to the differentially expressed miRNAs in total exosomes isolated by 
ExoQuick-TC and exosome subpopulations purified by Rab5b, CD9, and CD44 Exo-Flow Exosome Capture Kits from mice following cecum ligation and perforation (CLP). 

 
The isolation and purification of exosomes are 

still considered major scientific challenges [28], and 
there is no clear consensus on the single best method 
or even a standardized method for their isolation and 
purification [29, 30]. Current methods used for the 
isolation of exosomes include ultracentrifugation [31], 
filtration [32], and immuno-affinity [33, 34], as well as 
various combinations thereof. Centrifugation can 
concentrate the exosomes in a sample but does not 
separate subpopulations, and thus exosomes obtained 
using this method only reflect the average properties 
of a heterogeneous exosome population. Filtration can 
also enrich or concentrate the exosomes of a targeted 
size population, but damage has been observed in the 
isolated exosome subpopulations, and the recovery 
efficiency and purity have been questioned [35]. 
Furthermore, although the performance of ExoQuick 
is better than that of ultracentrifugation, 
ExoQuick-purified exosomes had with most 
contaminants among exosomes obtained from various 
isolation kits [36]. Comparison of six commercial 
isolation methods (exoEasy, ExoQuick, Exo-spin, ME 
kit, ExoQuick Plus, and Exo-Flow) for serum 
exosomes showed that the cytokine concentrations 
were very different, depending on the purification kit 
used [37]. In this study, the expression levels of four 
selected miRNAs in exosomes isolated by 
ExoQuick-TC were similar when measured by RT–
qPCR and NGS. However, their expression levels 
varied among the antibody-captured exosome 
subpopulations. The patterns of these dysregulated 
miRNAs in exosomes captured by Rab5b or CD9 
antibodies were more similar to those isolated by 
ExoQuick-TC than to those captured by CD44. 
However, for CD31-captured exosomes, none of these 

four miRNA targets showed a significant difference. 
Notably, the amount of exosome subpopulations 
isolated by the magnetic bead affinity method is very 
low, and generally less than 2 ug of exosomes could 
be harvested from 1 mL of blood of the mice. 
Therefore, this study is limited by the very low yield 
of the exosome subpopulations by magnetic bead 
affinity method to do experimental validation of the 
function of these dysregulated exosomal miRNAs. 

Because circulating exosomes can be released by 
different types of cells, including circulating blood 
cells or other cells in close contact with the circulation, 
the population of exosomes present in the blood is 
very heterogeneous. It has been estimated that 80–
90% of the circulating exosomes are released by 
platelets, lymphocytes, dendritic cells, and other 
immune cells [38, 39]. Population heterogeneity 
presents one of the biggest challenges for exosome 
study. Discrimination of different populations of 
exosomes based on their surface antigens has been 
proposed. However, different reports have revealed 
that the surface marker tetraspanins CD9, CD63, and 
CD81 are not only abundant in exosomes but also in 
MVs [40, 41], complicating their usefulness as 
exosome biomarkers [40, 42]. Given the differences in 
the composition and cellular origin of distinct 
subpopulations of exosomes, exosome studies based 
on their size and tetraspanin enrichment as the 
principal criteria should be considered more 
cautiously [17]. 

Supplementary Material  
Supplementary Table 1. Next-generation sequencing 
(NGS) analysis of miRNA expression in the 
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circulating exosomes from mice following cecum 
ligation and perforation (CLP).  
http://www.medsci.org/v18p1058s1.xlsx  
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