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Purpose: Sepsis is the main cause of death in intensive care unit. Maladaptive cytokine storm and T-cell lymphopenia are critical
prognosis predictors of sepsis. Electroacupuncture (EA) is expected to be an effective intervention to prevent sepsis. This study aims to
determine the potential of EA at ST36 (Zusanli) to prevent experimental septic mice.

Methods: Mice were randomly assigned into PBS, LPS, or EA+LPS group. EA (0.1 mA, continuous wave, 10 Hz) was performed
stimulating the ST36 for 30 min, once a day for 3 days. After the third day, all mice were challenged with PBS or LPS (4 mg/kg)
simultaneously. Mice were evaluated for survival, ear temperature, and other clinical symptoms. Lung and small intestine tissue
injuries were analyzed by hematoxylin and eosin staining. Bio-Plex cytokine assay was used to analyze the concentration of cytokines.
T lymphocytes were analyzed by flow cytometry and Western blot assays. The role of T cells in preventing sepsis by EA was analyzed
by using nude mice lacking T lymphocytes.

Results: EA at ST36 improved survival, symptom scores, and ear temperature of endotoxemic mice. EA also improved dramatically
pulmonary and intestinal injury by over 50% as compared to untreated mice. EA blunted the inflammatory cytokine storm by inducing a lasting
inhibition of the production of major inflammatory factors (TNF-a, IL-1f, IL-5, IL-6, IL-10, IL-17A, eotaxin, [FN-y, MIP-1p and KC). Flow
cytometry and Western blot analyses showed EA significantly reduced T-lymphocyte apoptosis and pyroptosis. Furthermore, T lymphocytes
were critical for the effects of EA at ST36 stimulation blunted serum TNF-a. levels in wild-type but not in nude mice.

Conclusion: EA halted systemic inflammation and improved survival in endotoxemic mice. These effects are associated with the
protective effect of EA on T lymphocytes, and T cells are required in the anti-inflammatory effects of EA in sepsis.
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Introduction

Sepsis is an organ dysfunction syndrome caused by dysregulated responses to infection.' Despite the major advances in the
intensive care unit (ICU), sepsis still has high incidence and it is the most common disease and cause of death in hospitals.”
The Global Burden of Disease Study reported approximately 49 million cases of sepsis globally in 2017, with a case fatality
rate of nearly 20%.” In addition to bacterial infections, sepsis may also be one of the main causes of death in coronavirus
disease 2019 (COVID-19). The incidence of sepsis in patients with COVID-19 is 59%, and almost all patients who died had
sepsis.* In the United States, the annual economic loss caused by sepsis is as high as US$24 billion.® As an important
global health problem, sepsis is not only a clinical and scientific challenge but also a heavy burden to society.

The early cytokine storm and the later immunosuppression characterized by lymphopenia have a dramatic impact on the
prognosis of sepsis.’ Patients with severe sepsis usually have an overzealous production of pro-inflammatory factors, leading
to lymphocyte exhaustion and lymphopenia.®® In turn, lymphopenia disrupts physiologic regulation of cytokine production
to further exacerbate the inflammatory responses.'®!! The cytokine storm and lymphopenia are responsible for patients

malaise and the most significant symptoms such as hypothermia (core temperature <36°C), fever (core temperature >38°C),
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cognitive dysfunction, and lethal multiple organ dysfunction syndrome (MODS).'? Current sepsis treatment mainly focuses
on controlling the infection by antibiotics, optimize hemodynamics, and support organ care.'* New generation of antibiotics
are getting more effective in controlling infections, but sepsis still characterized by high mortality due to the unregulated
inflammatory responses causing organ damage. Previous anti-inflammatory clinical trials in sepsis have focused on the
inhibition of specific inflammatory factors such as tumor necrosis factor (TNF-a) and interleukin (IL)-1 have failed in part
because they targeted single cytokine but sepsis is characterized by the complex production of multiple inflammatory
factors."*'® Thus, there is an urgent unmet need to develop more comprehensive anti-inflammatory therapies that can
modulate multiple factors and prevent the multiple detrimental inflammatory processes.

One beneficial strategy for clinical management is the design of early prediction and intervention making sepsis
treatment more amenable.'” Screening tools such as national early warning score (NEWS), systemic inflammatory
response syndrome (SIRS) criteria, or modified early warning score (MEWS) are usually used in clinic for early
identification and screening of patients with high-risk of sepsis.'® To date, the main strategies to prevent sepsis are
preventing infection and organ dysfunction, such as using preventive antibiotics, and supplemental enteral nutrition.'*
New scientific and clinical studies are suggesting that nerve stimulation with electroacupuncture (EA) can be a promising
affordable early intervention for patients with high-risk of sepsis.”'

As an important part of traditional medicine, acupuncture has significant effects in preventing and treating diseases. For
instance, acupuncture treatment can prevent the prevalence of delirium in ICUs cardiovascular patients. The prevalence of
delirium in the treatment group is only 1/6 of that of the control group.*> Acupuncture at P6 (Neiguan) acupoint significantly
reduced the Visual Analog Scale pain score within 24—48 h in patients after craniotomy, reduced the incidence of vomiting within
24 h (the incidence rate in the acupuncture group is only 1/2 of that of the sham acupuncture group), and effectively prevented
postoperative pain.”> The study found that EA pretreatment at bilateral ST36 (Zusanli) acupoints significantly improved the
intestinal function (the injury score of the EA pretreatment group is only 1/2 of that of the sepsis group) and survival rate (EA
+Sepsis vs Sepsis: 75% vs 25%) in septic rats.** A randomized controlled trial showed that conventional therapies combined with
EA at ST36 and ST37 (Shangjuxu) acupoints significantly reduced plasma level of TNF-a (from baseline 94.33+29.87 pg/mL to
19.68+11.70 pg/mL) and traditional Chinese medicine quantitative scores of intestinal dysfunction (from baseline 9.8+2.7 to 6.9
+2.5) on day 7 in septic patients, and the effect of EA treatment group was better than that of conventional treatment alone.*’
Low-intensity EA at unilateral ST36 acupoint can significantly reduce serum TNF-a and IL-6 concentrations in septic mice,
inhibit systemic inflammation, and increase survival rate (EA group vs sham EA group: 70% vs 35%).2° However, the
prophylactic potential of acupuncture on sepsis are unknown. This study aims to investigate the preventive and protective
effects of EA in experimental septic mice and explore the possible mechanism of action.

Materials and Methods

Experimental Mice

Male BALB/c wild-type mice and nude mice (6—8 weeks old, weighing 25.0 £ 5.0 g) were purchased from Beijing Charles
River Laboratory Animal Technology Co. Ltd. The animals were housed under normal laboratory conditions without
pathogens (temperature at 21 + 1°C, 50 + 5% air humidity) and had free access to food and water during a regular 12 h light-
dark cycles. Mice were randomly assigned into three groups: (1) control mice treated with phosphate-buffered saline (PBS)
intraperitoneally (i.p.); (2) endotoxemic mice treated with lipopolysaccharide (LPS; 4 mg/kg; i.p.); (3) the experimental EA
treatment of endotoxemic mice (EA+LPS). Wild-type and nude mice were distinguished by morphological observation and
flow cytometry. All animal procedures were reviewed and approved by the IACUC of the Shanghai University of Traditional
Chinese Medicine in accordance with the National Institutes of Health “Guide for the Care and Use of Laboratory Animals”
as well as the guidelines of the Animal Welfare Act (No. PZSHUTCM190308020).

Experimental Sepsis Model by LPS

Mice were acclimatized in the animal facility for 1 week before use and LPS induced sepsis model was performed
following previous publications.”’*® Briefly, LPS (E. coli 0111:B4; Sigma-Aldrich, USA) was dissolved in sterile
pyrogen-free PBS (Gibco: Thermo Fisher, USA), formulated as a 1 mg/mL solution before use and stored at 4°C. By
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comparing different LPS doses (2, 4, 6, 12 mg/kg) and different mouse ages (6 and 8 weeks old), it was finally
determined that 4 mg/kg dose of LPS was intraperitoneally injected into 8-week-old mice to ensure that all mice in LPS
group died within 24-48 h after LPS challenge.

EA Treatment Procedure

Mice were anesthetized with 0.5-1.5% isoflurane and a thermal blanket was used to maintain body temperature.
Stainless-steel acupuncture needles (0.3 x 13 mm; Suzhou Medical Supplies Factory Co. Ltd, China) connected to an
electronic acupuncture treatment instrument (SDZ-1IB; Suzhou Medical Supplies Factory Co. Ltd, China) were used for

EA treatment. According to previous experimental and literature research,”’-*

the EA was performed with a frequency of
10 Hz, continuous wave. It has been showed that low-intensity electrical stimulation is sufficient to drive vagal-adrenal
anti-inflammatory axis so the electrical current was set to 0.1 mA in accordance with the standard that was appropriate
for the slight tremor of the lower limbs of the mouse and minimized damage to mice.”' The needle was inserted into
ST36 acupoint with the depth of 3.5 mm, which was about 4 mm below the knee joint and about 2 mm outside the
anterior tibial tubercle. ST36 acupoint is located at the confluence of the three neural branches from the sciatic nerve,
namely the tibial, sural and peroneal nerves. EA stimulation was given 2 days before establishment of the LPS-induced

sepsis model and on the day of modeling, 30 min a day for a total of 3 days (Figure 1A).

Survival Rate, Symptom Scoring and Ear Temperature Monitoring

After i.p. injection of LPS or PBS was given to each group, survival, symptom scores and ear temperature of the mice
were observed and recorded every 2 h for a total of 72 h. Each mouse was scored for symptoms according to existing
methods and the experimental process was completed by two researchers.’® The detailed scoring rules are shown in
Supplementary Table 1. The ear temperature of each mouse was measured with an electronic ear thermometer (FT65;

Braun, Germany). The measurement was performed 3 times each time, and the average value was recorded.

Histological Analyses

After 12 h of i.p. injection of PBS or LPS, the mice were anesthetized with 1% sodium pentobarbital (10 mL/kg; Sigma-
Aldrich, USA). The mice were dissected and the spleens were removed for subsequent detection of T lymphocyte
apoptosis and pyroptosis. Then, the lung and small intestine were removed and immersed in 10% neutral formalin for
fixation. The fixed intestine and lung tissues were cut into 3-mm blocks. Sections were cut at a thickness of 4 pm with
a microtome (HistoCore BIOCUT, Leica Microsystems Inc., Germany). Sections were deparaffinized with xylene and
rehydrated by ethanol-water washes, and then stained with hematoxylin (WH1144-1; Wellbio, China) and eosin (C0109;
Beyotime, China). According to the existing methods, lung tissue congestion, exudation, inflammatory cell infiltration,
and alveolar septal rupture were scored.>’ Pathological score standard: 0 point, normal; 1 point, very mild (<25%); 2
points, mild (25-50%); 3 points, moderate (50—-75%); 4 points, severe (>75%). According to the methods provided in the
reference, the pathology of the small intestine tissue injury was scored.*” Pathological score standard: 0 point, normal; 1
point (mild), focal edema and necrosis; 2 points (moderate), diffuse swelling, atrophy and necrosis of villi; 3 points
(severe), diffuse atrophy and necrosis of villi, inflammatory cell infiltration and/or bleeding in the villi and/or
submucosa.

Cytokine Analyses

After 2 h or 12 h of i.p. injection of PBS or LPS, the mice were anesthetized with 1% sodium pentobarbital. Centrifuge to
collect the supernatant after the blood from the heart was drawn. The Bio-Plex mouse cytokine assay (M60009RDPD;
Bio-Rad, USA) was performed according to the standard experimental procedure to detect the following cytokine
concentrations in the serum: TNF-a, IL-103, IL-4, IL-5, IL-6, IL-9, IL-10, IL-17A, eotaxin, interferon (IFN)-y, macro-
phage inflammatory protein (MIP)-1p and keratinocyte-derived chemokine (KC). To verify the role of T lymphocytes in
the anti-inflammatory action of EA, enzyme linked immunosorbent assay (ELISA) (430904; BioLegend, USA) was used
to detect serum TNF-a concentrations in wild-type mice and lymphocyte-deficient nude mice after 2 h of i.p. injection of
PBS or LPS.
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Figure | Survival, symptom scores and ear temperature in mice. (A) 8-week-old BALB/c mice with or without EA (30 min/day for 3 days, 0.1 mA, 10 Hz) and then injected
LPS (4 mg/kg; i.p.) or PBS. (B) Survival is represented in a Kaplan-Meier graph. (n = 7/group, *P < 0.05, compared to PBS control mice; “P < 0.05, compared to endotoxemic
mice.) (C) Scoring every 2 h according to the symptom scoring system in Supplementary Table |I. (D) Mouse ear temperature was measured every 2 h using an ear
thermometer.

Flow Cytometry of T Lymphocyte Apoptosis

The methods of obtaining single cell suspension of mouse spleen and detecting T lymphocyte apoptosis with flow
cytometry have been described by other researches and are discussed briefly.*> Cut and gently grind the spleen under
sterile conditions, washed with RPMI-1640 medium (10-040-CVR; Corning, USA) to obtain a cell suspension. The red
blood cell lysis buffer was added after cell centrifugation (1500 rpm, 5min) and then washed with PBS. The splenocytes
could be obtained after another centrifugation. Take 1 x 10° splenocytes for flow cytometry according to the protocol of
APC Annexin V Apoptosis Detection Kit with PI (640932; BioLegend, USA). The percentage of apoptosis was analyzed
using Flowjo software.
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Western Blot Analysis of T Lymphocyte Pyroptosis

Splenic T lymphocytes were purified from the remaining splenocytes using a Pan T Cell Isolation Kit II (130-095-130;
Miltenyi Biotech, Germany). The T lymphocytes protein extract was prepared with cell lysis buffer for western and IP
(P0013J; Beyotime Biotech, China) containing protease inhibitor (04693124001; Roche, USA) and centrifuged at 12,000 rpm
for 10 min at 4°C. Protein concentration was analyzed using the bicinchoninic acid (BCA) protein concentration kit (P0012;
Beyotime Biotech, China). Total proteins were separated by 12% SDS-polyacrylamide gel electrophoresis (PAGE) and then
transferred onto the PVDF membranes (1620177; Bio-Rad; USA). The membranes were blocked with 5% BSA-TBST for 30
min and incubated with antibody to cleaved caspase-1 (1:1000, 89332; Cell Signaling, USA) or anti—f-actin (1:1000, 4970;
Cell Signaling, USA) overnight at 4°C. After washing five times for 5 min with TBST, the membranes were incubated with
HRP-linked antibody to rabbit IgG (1:2000, 7074S, Cell Signaling, USA) at room temperature for 1 h and were washed again
with TBST. The membranes were then exposed to chemiluminescence and imaged on an Amersham Imager 600 (GE
Healthcare, USA). Determination of protein bands densities were performed using NIH Image software.

Statistical Analyses

All data were expressed as mean + s.e.m. Survival rates were expressed using Kaplan—Meier curves, and analyses of
survival curves were performed with the Log rank test. Statistical analyses were performed by one-way ANOVA,
followed by the least significant difference method or Mann—Whitney non-parametric test (non-normal distribution) for
multiple pairwise comparisons. Student’s ¢-test was used to compare mean values between two groups. P value less than
0.05 (P < 0.05) was considered statistically significant.

Results

EA Improves Survival, Symptom Score and Ear Temperature in Endotoxemic Mice
Mice underwent PBS, LPS, or EA+LPS treatment and survival, symptom scores, and ear temperature were recorded
every 2 h. The lethal dose of LPS killed mice within 48 h. EA treatment significantly improved survival of endotoxemic
mice inducing a lasting effect and did not merely delay the pathogenesis. All endotoxemic mice died at 38 h post-LPS,
while 57% of the EA+LPS mice are still alive. Mice were observed by two weeks with a final 42.9% survival rate of the
endotoxemic mice with EA (Figure 1B).

Endotoxemic mice showed a wide spectrum of symptoms ranging down from 12 with a progressive evolution toward
death (symptom score = 0). LPS induced already a significant effect on the symptom score at 2 h post injection (P < 0.05).
EA induced a significant protection and improved the symptom score after 4 h post-LPS (P <0.05). Endotoxemic mice with
EA received the worse symptom scores at 16—24 h post-LPS, and gradually recovered showing a score similar to PBS mice
by 42 h post-LPS (P > 0.05) (Figure 1C).

Endotoxemic mice started to have a significantly lower ear temperature at 2 h post-LPS and this effect was
statistically significant as compared to control mice (P < 0.05). EA treatment protected endotoxemic mice from
hypothermia and this effect was statistically significant after 6 h post-LPS as compared to endotoxemic mice without
EA (P <0.05). Again, endotoxemic mice with EA gradually recovered normal ear temperature and showed a temperature
similar to control mice after 38 h post-LPS (P > 0.05). The results showed that EA maintained the normal body
temperature of the sepsis mouse model and avoided death due to hypothermia (Figure 1D).

EA Ameliorates Lung and Small Intestinal Tissues Damage in Endotoxemic Mice

The protective effects of EA on organ injury were determined by histological analyses of the lung and the small intestine.
Histopathological analysis was performed at 12 h post-LPS because septic mice reached the most severe stage before mice
start to die. Hematoxylin and eosin (H&E) staining showed normal lung tissue organization in control mice treated with PBS.
Endotoxemic mice showed inflammatory cell infiltration, congestion in the alveoli with fluid exudation, and rupture of the
alveolar septa. EA protected endotoxemic mice from lung injury as the intra-alveolar hemorrhage was significantly lower
(Figure 2A). Moreover, the intestinal villi of the control mice were arranged neatly and there was no obvious pathological
damage as compared to the atrophy and bleeding observed in the submucosa and villi of the endotoxemic mice. EA improved
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Figure 2 H&E staining (100X) of lung and small intestine and tissue pathological scores. (A) Changes of lung histology in PBS group, LPS group and EA+LPS group after 12
h of i.p. injection of LPS or PBS. (Black arrow, inflammatory cell infiltration; Blue arrow, alveolar congestion; Red arrow, exudation of fluid in the alveoli; Yellow arrow,
alveolar septa rupture.) (B) Changes of small intestine histology in PBS group, LPS group and EA+LPS group after 12 h of i.p. injection of LPS or PBS. (Black arrow, intestinal
submucosal or villi congestion; Blue arrow, intestinal villi atrophy; Red arrow, intestinal submucosal edema.) (C) Tissue pathological scores of lungs in each group. (n = 5/
group, *P < 0.05, compared to PBS control mice; “P < 0.05, compared to endotoxemic mice.) (D) Tissue pathological scores of small intestines in each group. (n = 5/group,
*P < 0.05, compared to PBS control mice; P < 0.05, compared to endotoxemic mice).

the histological scores, decreasing the submucosal edema and preventing the intestinal villus hemorrhage (Figure 2B).
According to the pathological score criteria of lung damage, 40% (2/5) of the endotoxemic mice had severe damage, and
20% (1/5) and 40% (2/5) of the mice had moderate and mild damage, respectively. By contrast, EA treatment prevented lung
damage and only 20% (1/5) and 40% (2/5) of the EA+LPS mice had moderate and mild damage, respectively (Figure 2C).
Intestinal histological analyses showed similar protective effects of EA. 80% (4/5) and 20% (1/5) of the endotoxemic mice
had severe and moderate intestinal damage, respectively. Only 40% (2/5) of the EA+LPS mice had moderate damage and the
rest 60% (3/5) showed only mild damage (Figure 2D). The pathological scores in lung and small intestine tissues were
statistically significantly higher in endotoxemic mice as compared to control mice (P < 0.05). The protection induced by EA
was also statistically significant as compared to endotoxemic mice (P < 0.05). These results suggested that EA effectively
ameliorated the histological injuries of lung and small intestine tissues in endotoxemic mice.
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EA Halts the Production of Pro-Inflammatory Cytokines and Prevents Detrimental
Systemic Inflammation

Bio-Plex mouse cytokine arrays were used to analyze systemic inflammation and serum cytokines at 12 h post-LPS as
discussed above and to correlate the results with the histological results. The cytokines we tested include TNF-a,
interleukins (IL-1p, IL-4, IL-5, IL-6, IL-9, IL-10, IL-17A), interferons (IFN-y), and chemokines (eotaxin, MIP-1§3 and
KC). Control mice had very low levels of inflammatory cytokines in the serum, whereas endotoxemic mice had
a statistically significant increase in the production of all 12 inflammatory factors analyzed (Figure 3). EA prevented
systemic inflammation and significantly attenuated the serum levels of most of these inflammatory factors including IL-
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Figure 3 Detection of the 12 cytokine concentrations at 12 h after i.p. injection by Bio-Plex mouse cytokine arrays. (n = 5/group, *P < 0.05, compared to PBS control mice;
#P < 0.05, compared to endotoxemic mice).
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1B, IL-5, IL-6, IL-10, IL-17A, eotaxin, IFN-y, MIP-1f and KC (P < 0.05), and the concentrations of TNF-a, IL-4 and IL-
9 also had a downward trend.

We speculated that the decreased levels of inflammatory factors in EA+LPS mice might be related to early pro-inflammatory
cytokines, so we analyzed the concentrations of two typical early pro-inflammatory cytokines TNF-a and IL-1f, and a key
secondary cytokine IL-6 at 2 h after i.p. injection of LPS. Serum TNF-a, IL-1f, and IL-6 levels were all significantly higher in the
endotoxemic mice than in control mice (P < 0.05). EA statistically decreased the concentrations of these 3 cytokines (P < 0.05).
Serum TNF-a levels were reduced by about 82% in EA+LPS mice as compared to endotoxemic mice (Figure 4A). EA also
induced a significant decrease of IL-1B both at 2 and 12 h post-LPS (Figure 4B). By contrast, EA did not induce a significant
decrease of early IL-6 levels at 2 h but the effect was very significant at 12 h post-LPS (Figure 4C). These results suggested that
early EA treatment can dramatically decrease of production of critical early factors and thereby halt detrimental inflammatory
responses. It is indicated that pretreatment of EA effectively prevented the occurrence of inflammatory cytokine storms in

endotoxemic mice by inhibiting the production of key, early inflammatory factors.

EA Reduces T Lymphocyte Apoptosis and Pyroptosis in Septic Mice

We prepared mouse spleen single cell suspension to detect the effect of EA on the apoptosis and pyroptosis of splenic
T lymphocytes. Flow cytometry was used to detect Annexin V and propidium iodide (PI) positive cells in splenic
T lymphocytes (Figure 5A). The results indicated that LPS induced apoptosis of splenic T lymphocytes (P < 0.05), while EA
significantly reduced T cell apoptosis induced by LPS (P < 0.05) (Figure 5B). We used the immunomagnetic beads to isolate
T lymphocytes from the single cell suspension of splenocytes for purity determination. The purity of T lymphocytes was higher
than 90% through flow cytometry and met the requirements of subsequent experiments (Figure 5C). After extracting the protein of
T lymphocytes, Western blot assays were performed to detect the cleaved caspase-1 protein related to pyroptosis. The results
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Figure 4 Detection of the cytokine concentrations at 2h and 12 h after i.p. injection. (A) TNF-a, (B) IL-1B, (C) IL-6. (n = 5/group, *P < 0.05, compared to PBS control mice;
#P < 0.05, compared to endotoxemic mice).
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Figure 5 Analyses of apoptosis and pyrolysis by flow cytometry and Western-blots. (A) Annexin V and propidium iodide (Pl) markers were used to identify apoptotic
T lymphocytes in spleen cells. The cells in the upper right quadrant were the apoptotic cells. The flow cytometry circle gate strategy was shown in the figure. (B) The percentage of
apoptosis of mouse splenic T lymphocytes of the three groups (n = 5/group, *P < 0.05, compared to PBS control mice; #P < 0.05, compared to endotoxemic mice.) (C)
T lymphocytes were labeled with FITC anti-mouse CD3 and sorted with immunomagnetic beads. Diagram of flow cytometry shows the proportion of T lymphocytes after
separation. Purity of T lymphocyte after sorting was 92.7 + 0.2% (n = 3/group, *P < 0.05, compared to before cell sorting.) (D) Western blot data showed the expression of protein
cleaved caspase-| in each group. B-actin was set as the loading control. (n = 3/group, *P < 0.05, compared to PBS control mice; #P < 0.05, compared to endotoxemic mice).

showed that LPS challenge significantly increased caspase-1 protein cleavage (P < 0.05), and EA significantly prevented this
effect (P < 0.05). Thus, EA can significantly prevent lymphopenia and T lymphocytes pyroptosis in endotoxemic mice
(Figure 5D).
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T Lymphocytes are Required in the Anti-Inflammatory Action of EA

Nude mice lacking T cells were used to determine the role of T lymphocytes in the prevention of sepsis by EA.
According to morphological observation, BALB/c nude mice were hairless and athymic as compared with BALB/c wild-
type mice (Figure 6A). Flow cytometry analyses were used to analyze CD3+ T cells in the splenocytes of BALB/c wild-
type and nude mice (Figure 6B). Over 26.6 £+ 1.7% of the splenocytes were CD3+ lymphocytes in the wild-type mice as
compared to 4.3 + 0.1% of the splenocytes in the nude mice (Figure 6C). According to the previously described
experimental protocol, BALB/c mice and nude mice were pretreated with EA. The results of ELISA experiments showed
that EA significantly reduced serum TNF-o concentrations in wild-type (P < 0.05), but not in lymphocyte-deficient nude
mice (P > 0.05) (Figure 6D).

Discussion

Sepsis is the main cause of death in ICU patients worldwide.* Antibiotics and glucocorticoids have major side effects that
limit their clinical implications in sepsis.>* By contrast, acupuncture has minimal side effects and significant therapeutic
potential that can provide beneficial effects on sepsis patients. Studies have shown that EA at ST36 acupoint stimulates
neurons expressing Prokr2 protein on the sciatic nerve, uploads nerve signals to the central nervous system, thereby
stimulating the adrenal glands to release glucocorticoids and dopamine, inhibiting the secretion of cytokines, and
controlling systemic inflammation.?’ At the same time, nerve signals from the sciatic nerve further activate the
vagus nerve, regulate the physiological and pathological functions of organs such as the lungs, intestines, and adrenal
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Figure 6 Identification of nude mice lacking T lymphocytes and ELISA detection of serum TNF-a concentration. (A) Morphological observation of BALB/c mice and BALB/c
nude mice. (B) The anti-mouse CD3-PE antibody was used to identify T lymphocytes in splenocytes of BALB/c mice and nude mice. The cells in the right box were the CD3+
T lymphocytes. (C) The percentage of CD3+ T lymphocytes of the BALB/c mice and nude mice (n = 3/group, *P < 0.05, compared to BALB/c mice.) (D) Serum was collected 2
h after i.p. injection of PBS or LPS in BALB/c mice and nude mice, and the serum TNF-a concentration in each group was detected by ELISA. (n = 5/group, *P < 0.05, compared to
PBS control mice; #ip< 0.05, compared to endotoxemic mice).

Abbreviation: ns, no significance.
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glands, and even regulate T lymphocytes in the spleen to control inflammation.®> Our data suggested that unilateral EA at
ST36 significantly decreased the clinical signs of detrimental inflammatory responses, maintained the normal body
temperature, and reduced the mortality of septic mice. EA significantly improved lung and small intestinal tissues injury
induced by LPS. The protective effects of EA preconditioning on the endotoxemic mice may be through controlling the
cytokine storms and reducing apoptosis and pyrolysis of T lymphocytes.

Body temperature is one of the most vital signs in critically ill patients. Hypothermia (core temperature <36°C) is
associated with organ failure and increased mortality in sepsis, and is considered an independent predictor of mortality in
septic patients.>**” In the emergency department of the United States, about 30% of patients with severe sepsis have
hypothermia.*® The mortality rate of hypothermia patients is twice that of those having fever, and hypothermia patients
have worse prognosis.>® When encountering major infections, rodents are more prone to hypothermia than humans.*
Our research found that the body temperature of septic mice induced by LPS decreased significantly. Hypothermia is
thought to be related to the host’s immune dysfunction. In severe septic patients in the ICU, the serum TNF-a level in
hypothermic patients was 2.7 times that of febrile patients, and IL-6 levels were 5-fold higher in hypothermia than those
found in febrile patients.*' Hypothermia in experimental sepsis animals is associated with high levels of IL-6.*" In
addition, persistent lymphopenia (including T and B cells) is a feature of sepsis-induced immunosuppression and
a predictor of mortality in septic patients. Sepsis patients with hypothermia were found to be more prone to persistent
lymphopenia.** Therefore, we speculate that EA maintained normal body temperature in mice may be achieved by
regulating inflammatory cytokines and preventing lymphopenia.

MODS usually occurs at the late stage of sepsis, which usually involves multiple organs such as the lung,
gastrointestinal tract, liver, kidney, heart, and brain." Our research showed that the lung and intestine were seriously
damaged in endotoxemic mice. EA effectively prevented lung and intestine tissue damage, and reduced the pathological
scores of both. The mechanisms of the protective effect of EA on organs are complicated. Lung is one of the most
vulnerable organs susceptible to sepsis.*> Once acute lung injury caused by sepsis develops into acute respiratory distress
syndrome, MODS will follow. Oxidative stress or the dysfunction of the antioxidant system can cause inflammation and
lead to lung damage. EA at ST36 acupoints can reduce the biosynthesis of nitric oxide (NO) by reducing the expression
of inducible nitric oxide synthase (iNOS) in the lung, thereby reducing the degree of acute lung injury in rats caused by
LPS.* In addition, EA on ST36 and BL13 (Feishu) acupoints for 5 days can reduce the lung injury of septic rabbits by
activating the antioxidant regulatory pathway, Nrf2/ARE pathway, and up-regulating the expression of heme oxygenase
(HO)-1 in lung tissue.*> Gut damage is also a key factor that promotes MODS.*® Due to intestinal barrier damage, LPS
and bacteria enter the systemic circulation and eventually lead to MODS and sepsis.*’ Previous studies have found that
the protective effects of EA on the intestinal barrier are mainly related to cholinergic anti-inflammatory pathways and the
reduction of inflammatory cytokines. EA may replace vagus nerve (VN) stimulation or cholinergic receptor agonists to
protect the intestinal tract.*®** Furthermore, studies have also confirmed that EA at bilateral ST36 acupoints improves the
intestinal mucosal immune barrier of rats with polymicrobial peritonitis by increasing the sIgA content and the
percentage of T lymphocytes in the intestinal mucosa.**

The cytokine storm and lymphopenia, the two major factors worsening the prognosis of sepsis, also seem to be related
to COVID-19.°%"" Therefore, we studied the effect of EA pretreatment on cytokines and T lymphocytes in septic mice.
The cytokine storm is a cascade of cytokine caused by an uncontrolled immune response.” Pathogens first induce the
production of early cytokines, and then these cytokines with the help of chemokines recruit more inflammatory cells to
release secondary cytokines, thereby amplifying the cytokine storm.’? TNF-o and IL-1p are critical, early pro-
inflammatory cytokines in sepsis, and their serum levels play a key role in the release of other cytokines and the
systemic inflammatory responses.>> TNF-a and IL-1B activate macrophages to secrete other pro-inflammatory cytokines
(IL-6, IL-8, etc.), gradually amplify the inflammatory cascade, and ultimately lead to sepsis-induced MODS.>* In
addition, TNF-a also participates in the recruitment of inflammatory cells such as monocytes, neutrophils and NK
cells by inducing chemokines and adhesion molecules.”® TNF-a starts to be produced within a few minutes after sepsis
infection, and the secretion stops after reaching a peak around at 3—4 h post infection.'> Our results confirmed
significantly higher serum TNF-a levels at 2 h were than at 12 h in endotoxemic mice, and EA attenuated early serum
TNF-a levels. Likewise, IL-1p, is another inflammatory factor produced in early responses to bacterial endotoxin.>® IL-
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1B production is thought to reduce myocardial contractility and participate in sepsis-induced cardiomyopathy.”® IL-1p
also mediates sepsis-induced lung injury by down-regulating cAMP and the expression of VE-cadherin.’’ IL-6 is one of
the most studied factor among the secondary cytokines and is considered to be the center of the cytokine storm.”® Serum
IL-6 levels have been considered as an independent risk factor for 28-day mortality of sepsis, and can be used as
a biomarker for the diagnosis and prognosis of sepsis and COVID-19.°%? IL-6 is the main activator of signal transducer
and activator of transcription (STAT) 3 in inflammation.®® The activation of the IL-6-induced STAT3 pathway and TNF-
a-related nuclear factor kappa B (NF-kB) pathway in non-immune cells will lead to the cytokine storm, which can cause
MODS and other fatal symptoms.®"**® IL-6 is expected to become a new target for treating sepsis due to its course of
expression and potential therapeutic time window.®> Our study showed that EA effectively prevented the production of
early pro-inflammatory cytokines such as TNF-a and IL-1p, thus significantly reduced IL-6 levels and other secondary
cytokines, and eventually prevented the detrimental cytokine storm in septic mice. Previous studies have found that
vaccination of cytokines such as TNF-a, IL-1p or IL-6 may prevent the development of sepsis and other infections, but
the clinical results are not promising.®* We speculate that it may be difficult to block early cytokines like TNF-a in time;
or the inhibition of a single cytokine maybe insufficient to control the cytokine storms. EA controls the production of
multiple rather than a single inflammatory cytokine at the beginning, and can effectively attenuate the detrimental
cytokine storm.

In the late stage of immunosuppression, the lymphocyte function is impaired by the continuous infiltration of
inflammatory cytokines and eventually leads to lymphocyte exhaustion.® Lymphocyte apoptosis and pyroptosis are the
two main causes of lymphopenia, which is key for the immunosuppressive stage of sepsis.®> Apoptosis is the process of
autonomous and orderly cell death to regulate immune homeostasis. However, cell apoptosis in sepsis may be harmful,
especially the apoptosis of T lymphocytes has been proven to be one of the reasons for the depletion of immune cells and
weakened immune function.” T cell apoptosis (mainly the apoptosis of CD4+ T cells) will lead to the decrease in the
differentiation of T cell subsets and inflammatory cytokines. As a result, memory T cells (prevent secondary infection),
Th17 cells (clear bacterial and fungal infections), CD8+ cytotoxic T cells (clear infections) and B cells (produce
antibodies) will also decrease.®® T lymphocyte apoptosis also provides an opportunity for secondary infections and
potential viral reactivation.®’ The toll-like receptor (TLR) 4/NF-kB signaling pathway is considered the main signal
transduction signal involved in apoptosis.®®® Studies have found that inhibition of TLR4 increases LPS-induced death of
CD8 lymphocytes and monocytes.”’ In addition, TNF-o also participates in the immunosuppression of sepsis by
increasing cell apoptosis. TNF-a and its receptors directly lead to cell apoptosis by activating the caspase signaling
pathway.”" Pyroptosis is a kind of pro-inflammatory programmed cell death, which is another key factor in controlling
infection in sepsis.”> Moderate pyroptosis can inhibit the replication of pathogens in sepsis and activate immune cells to
eliminate pathogens. However, excessive pyroptosis will activate the inflammatory responses of neighboring cells and
tissues, to further aggravate inflammatory damage, leading to septic shock or MODS.”* Caspase-1 is an inflammatory
protease that specifically mediates pyroptosis, so we analyzed cleaved caspase-1 to detect pyroptosis.®® The activation of
caspase-1 not only promotes pyroptosis, but also promotes the secretion of cytokines such as IL-1f and IL-18,
aggravating the inflammatory storm.”* Our flow cytometry and Western blot analyses showed that EA significantly
reduced the apoptosis and pyroptosis of T lymphocytes in endotoxemic mice. EA may prevent the apoptosis and
pyroptosis of T lymphocytes and immunosuppression by inhibiting the production of early inflammatory cytokines
and apoptosis/pyroptosis-related proteins and signal pathways. At the same time, EA on endotoxemic nude mice failed to
inhibit the inflammatory responses showing that T lymphocytes are required for EA to modulate inflammation.

There are several limitations in our study: 1) Our study is a pilot animal study with a statistically significant but
limited sample size that will have to be replicate in clinical studies; 2) Our study focused on the prophylactic potential of
EA to manage high-risk septic patients, our results warrant future studies to determine the effects of EA after the septic
challenge; 3) This study also explores the effects of EA on T lymphocyte apoptosis and pyroptosis, future studies will be
required to determine the effects of EA on different T cell subtypes; 4) Finally, future mechanistic studies will be required
to determine the specific physiologic and molecular mechanisms induced by EA in sepsis and similar inflammatory and

infectious disorders.”>7¢
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Conclusion

In summary, our study showed that EA at ST36 acupoint with a frequency of 10 Hz significantly improved the
symptoms, maintained normal ear temperature, protected organs, and ultimately improved the survival of septic mice.
EA effectively prevented the increase of early pro-inflammatory cytokines TNF-a and IL-1p, thus significantly reduced
the levels of IL-6 and secondary chemokines such as eotaxin, MIP-1B and KC, and prevented the development of
cytokine storm in septic mice. Moreover, EA significantly reduced the T lymphocyte apoptosis and pyroptosis in septic
mice. T lymphocytes play an essential role in the prevention and protection of sepsis by EA. This study shows the
potential and possible mechanism of EA in the prevention of systemic inflammation in sepsis, thus, provides a promising
strategy in the early management of high-risk patients for sepsis.
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