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Background: The benefits of early use of norepinephrine in endotoxemic shock remain unknown. We aimed to 

elucidate the effects of different doses of norepinephrine in early-stage endotoxemic shock using a clinically 

relevant large animal model. 

Methods: Vasodilatory shock was induced by endotoxin bolus in 30 Bama suckling pigs. Treatment included fluid 

resuscitation and administration of different doses of norepinephrine, to induce return to baseline mean arterial 

pressure (MAP). Fluid management, hemodynamic, microcirculation, inflammation, and organ function variables 

were monitored. All animals were supported for 6 h after endotoxemic shock. 

Results: Infused fluid volume decreased with increasing norepinephrine dose. Return to baseline MAP was 

achieved more frequently with doses of 0.8 μg/kg/min and 1.6 μg/kg/min ( P < 0.01). At the end of the shock re- 

suscitation period, cardiac index was higher in pigs treated with 0.8 μg/kg/min norepinephrine ( P < 0.01), while 

systemic vascular resistance was higher in those receiving 0.4 μg/kg/min ( P < 0.01). Extravascular lung water 

level and degree of organ edema were higher in animals administered no or 0.2 μg/kg/min norepinephrine 

( P < 0.01), while the percentage of perfused small vessel density (PSVD) was higher in those receiving 

0.8 μg/kg/min ( P < 0.05) and serum lactate was higher in the groups administered no and 1.6 μg/kg/min nore- 

pinephrine ( P < 0.01). 

Conclusions: The impact of norepinephrine on the macro- and micro-circulation in early-stage endotoxemic shock 

is dose-dependent, with very low and very high doses resulting in detrimental effects. Only an appropriate nore- 

pinephrine dose was associated with improved tissue perfusion and organ function. 
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Endotoxemic shock is characterized by peripheral vasodi-

atation induced by systemic inflammatory responses and dys-

egulated host reactions. [ 1 ] The vasodilation induced in this

yndrome leads to relative insufficiency of effective circulat-

ng volume, resulting in microcirculatory disruption and organ

ypoperfusion. [ 2 ] Adequate and effective early fluid resuscita-

ion has become the first-line management strategy for endotox-

mic shock [ 3 ] ; however, excessive infusion inevitably induces
[ 4 , 5 ] 
uid overload and tissue edema. 
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Inconsistency between the macro- and micro-circulation dur-

ng sepsis has been observed by several investigators. [ 2 , 6 ] Most

tudies reported that improvements in macrohemodynamics

ere associated with the enhancement of microcirculation dur-

ng early sepsis; however, when microvascular and endothelial

nflammation is predominant, studies have suggested a lack of

emodynamic coherence between macro- and micro-circulatory

arameters. Norepinephrine (NE) is considered the first-choice

asopressor for the treatment of endotoxemic shock. [ 3 , 7 ] NE is

 potent arterio-constrictive drug that counters vascular dilata-

ion and augments tissue perfusion pressure. [ 8 ] Moreover, the
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eno-constrictive effects of NE increase venous return and car-

iac output (CO). [ 9–11 ] NE may also aggravate microcirculatory

isorders and, with increasing dosage, can impair tissue per-

usion and lead to organ dysfunction. [ 12 ] The impact of using

arying doses of NE on microcirculation, tissue perfusion, and

rgan dysfunction in the early phase of endotoxemic shock is

ot entirely clear. Therefore, we aimed to observe the effects of

ifferent doses of NE on fluid management, hemodynamic state,

icrocirculation, tissue perfusion, and organ function in an an-

mal model of early endotoxemic shock. 

ethods 

nimal preparation, anesthesia, and instrumentation 

After approval by the Wuhan University Animal Care Com-

ittee for Animal Research (approval No. 02516023B), experi-

ents were performed in adherence with the National Institutes

f Health Guidelines on the Use of Laboratory Animals (GB/T

5823-2018). 

Thirty healthy Bama suckling pigs of both sexes (15 male,

5 female), weighing 25–35 kg and approximately 6 months

ld, were allowed to acclimatize for a minimum of 1 week be-

ore the experiment. All animals were housed in polyacrylic

ages and maintained under standard conditions (room tem-

erature [22 °C] with a 12-h light–dark cycle). Food and water

ere available ad libitum. Twelve hours before the experimen-

al phase, solid food was withdrawn while access to water was

till allowed. 

Anesthesia was induced with an intramuscular injection of

.8 mg/kg midazolam (Nhwa Pharma. Corporation, Jiangsu,

hina) and 30 mg/kg pentobarbital sodium (Sigma-Aldrich,

O, USA). After anesthesia induction, animals were intubated

endotracheal tube size 8F; Smiths Medical International Hythe,

ent, UK) and commenced on mechanical ventilation (VELA,

areFusion, IL, USA) in volume-controlled (8.0 mL/kg tidal vol-

me [TV]) mode, with a respiratory rate of 12 breaths/min,

o maintain partial pressure of carbon dioxide (PaCO 2 ) of 35–

5 mmHg. The initial fraction of inspired oxygen (FiO 2 ) was

0%, and positive end-expiratory pressure was 5 cm H 2 O, with

djustment to maintain oxygen saturation ≥ 94%. Right lateral

nguinal dissection and the Seldinger technique were used to in-

ert a dual-lumen central venous catheter (Arrow International,

A, USA). Anesthesia was maintained by continuous infusion of

 mg/kg/h pentobarbital sodium and 15 μg/kg/h fentanyl (Hu-

anwell Pharmaceuticals, Hubei, China). Anesthetic and anal-

esic medications were titrated to ensure animals were comfort-

ble throughout the entire experimental process. 

The right internal jugular vein was dissected and cannu-

ated using a two-lumen central venous catheter (Arrow Inter-

ational), to facilitate continuous central venous pressure (CVP)

onitoring and administration of thermodilution cold (0–4 °C)

ormal saline boluses. A pulse indicator continuous CO (PICCO)

atheter (PULSION Medical Systems, Munich, Germany) was in-

erted into the right femoral artery using the Seldinger tech-

ique from the right lateral inguinal dissection area, to facil-

tate continuous blood pressure and CO monitoring. All hemo-

ynamic data were automatically recorded with a data monitor-

ng system (PICCO 2 hemodynamic monitoring system, PULSION

edical Systems). 
336 
Mouth pliers were used to keep the pig mouths open with

ully exposed sublingual mucosa. Tongue forceps were used to

ull and fix the pig tongues. A side stream dark-field (SDF;

uzhou LiHua Electronic Technology, Jiangsu, China) device,

quipped with a sterile probe cap, was applied to observe and

ecord the sublingual mucosa microcirculation. After manually

ptimizing image focus, the SDF device was fixed on a custom

racket (Supplementary Figure S1). The linear telescopic knob

n the bracket was slightly rotated every hour to decompress the

bservation site for at least 5 min and then tightened. Isotonic

aline (10 mL) was sprayed around the observation site every

our, to keep mucosa moist. 

All animals received 250 mL/h lactated Ringer’s solution

LRS, Double-Crane, Beijing, China) during surgical prepara-

ion, to offset insensible fluid losses. Warming blankets (P&C-

, Hengbang, Beijing, China) were used to maintain normoth-

rmia. 

xperimental protocol 

A 60-minute stabilization period was provided after anesthe-

ia and surgical instrumentation placement. At the end of the

tabilization period (time at baseline [Tb]), baseline measure-

ents were conducted. Endotoxemic shock was induced using

ipopolysaccharide ( Escherichia coli serotype O55:B5, Sigma),

iluted to 100 μg/mL with normal saline, and total doses of

0 μg/kg administered using an intravenous infusion syringe

ump (Perfusor Space, B. Braun Medical Inc., Melsungen, Ger-

any) over 60 min. A decline of 40% in mean arterial pres-

ure (MAP) from baseline was considered to confirm endotox-

mic shock induction. Resuscitation started at shock time (Ts),

efined as confirmed endotoxemic shock based on the drop

n MAP. All animals received LRS infusion (LI) at 10 mL/min

nd continuous intravenous infusion of NE at a fixed rate.

he 30 pigs were randomly assigned to five groups of six pigs

ach, including the control group (N0), with no NE infusion,

nd groups N0.2, N0.4, N0.8, and N1.6 that received NE at

ates of 0.2 μg/kg/min, 0.4 μg/kg/min, 0.8 μg/kg/min, and

.6 μg/kg/min, respectively. Once MAP returned to baseline,

I was stopped and NE continued. If MAP again dropped to

 20% of the baseline value during this period, LI was restarted

t 10 mL/min, until MAP returned to baseline. Endotoxemic

hock resuscitation (T6) was marked at the 6th hour following

s. At the end of the experiment, animals were euthanized by an

nesthetic agent overdose (bolus injection of 100 mg/kg pento-

arbital sodium). The timeline of the experimental intervention

s shown in Figure 1 . 

onitoring and measurements 

Heart rate (HR), MAP, and CVP were continuously moni-

ored throughout the experiment. PICCO thermodilution vari-

bles (cardiac index [CI], global end-diastolic volume index

GEDVI], systemic vascular resistance index [SVRI], and ex-

ravascular lung water index [EVLWI]) were collected hourly

t Tb and from Ts to T6. Blood samples were collected and an-

lyzed at Tb, Ts, and T6 for blood gas (ABL800 Flex, Radiome-

er, Copenhagen, Denmark), blood urea nitrogen (BUN), serum

reatinine (CREA) (Beckman Coulter Australia Pty Ltd., NSW,

ustralia), and serum cytokines (interleukin [IL]-1 𝛽, IL-6, IL-10,
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Figure 1. Timeline representation of the experiment protocol. After anesthesia and surgical instrumentation, a 1-h stabilization period was provided; the endpoint 

of the stabilization period was Tb. Endotoxemic shock was induced using an intravenous bolus of 20 μg/kg endotoxin infusion and the time point at which MAP 

decreased to 40% from baseline was Ts. Resuscitation started at Ts, with animals receiving LI (10 mL/min; gray filled areas, “LI ”) and undergoing continuous NE 

intravenous pumping using micropumps at fixed rates (0, 0.2, 0.4, 0.8, and 1.6 μg/kg/min) in the different groups. Once MAP returned to baseline (Ti), LI was 

stopped and only NE continued (dotted shadow areas, “No LI ”); if MAP dropped to < 20% of baseline when LI was stopped, LRS administration was restarted at 

10 mL/min until the MAP baseline was again reached. The endotoxemic shock resuscitation period was 6 h (Ts to T6), with respiratory management. 

BUN: Blood urea nitrogen; CI: Cardiac index; CREA: Serum creatinine; CVP: Central venous pressure; EVLWI: Extravascular lung water index; F: Ventilator frequency; 

GEDVI: Global end-diastolic volume index; HE: Hematoxylin–eosin; HR: Heart rate; IL: Interleukin; IV: Initial intravascular expand volume; LI: LRS infusion; LRS: 

Lactated Ringer’s solution; MAP: Mean arterial pressure; NE: Norepinephrine; No LI: No LRS infusion; PaCO 2 : Partial pressure of carbon dioxide; PSVD: Perfused 

small vessel density; SDF: Side stream dark-field; SPO 2 : Saturation of peripheral oxygen; SVPPV: Small vessel proportions of perfused vessels; SVRI: Systemic vascular 

resistance index; T6: Time at the end of the shock resuscitation period, equal to Ts + 6 h; Tb: Time at baseline; TFRV: Total fluid resuscitation volume during the 

shock resuscitation period; Ti: Time at MAP first back to baseline level after resuscitation; TNF: Tumor necrosis factor; Ts: Time identified with endotoxemic shock; 

TV: Tidal volume. 
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umor necrosis factor [TNF]- 𝛼) using ELISA kits (Elabscience,

ubei, China). The required initial intravascular expand volume

IV) from Ts to return MAP to baseline was documented. The

rst time that MAP returned to baseline was defined as Ti. To-

al fluid resuscitation volume (TFRV), comprising the volume

f injected cold saline for thermodilution and total intravascu-

ar volume during the shock resuscitation period, was recorded.

fter euthanasia, an autopsy was performed to collect organ

pecimens (lung, liver, heart, and kidney) for hematoxylin–eosin

HE) staining and further analysis. 

SDF videos were recorded at different time points (Tb, Ts, and

6) and video images at each time point were intercepted for

nalysis. Small vessel proportions of perfused vessels (SVPPV)

nd perfused small vessel density (PSVD) were derived and cal-

ulated using microcirculation analysis software (Medsoft Mi-

rocirculation Information Management System, Guangdong,

hina). 

ata analysis 

Data were assessed for normal distribution using the

olmogorov–Smirnov test. Where normality was ascertained,

ontinuous data are summarized as mean ± standard deviation.

 one-way ANOVA was conducted for multiple comparisons and
337 
he Student’s t -test was applied for other comparisons. Statisti-

al analysis was performed using SPSS software (version 19.0;

BM Corp., Armonk, NY, USA) and GraphPad Prism 5(Alliance

evelopment Group, China). P -values < 0.05 were considered

ignificant. 

esults 

Baseline hemodynamic variables at Tb did not differ sig-

ificantly among the experimental groups (Supplementary

able S1). 

luid management 

Required initial IV varied according to NE infusion

ose, as follows: N0, 3600 ± 0 mL; N0.2, 2732 ± 453 mL;

0.4,778 ± 254 mL; N0.8, 443 ± 123 mL; and N1.6, 322 ± 205 mL;

he differences among groups were significant, with partic-

larly marked differences between values in the N0.8 and

1.6 groups and those in the N0 (both P < 0.01), N0.2 (both

 < 0.01), and N0.4 ( P = 0.032 and P = 0.005, respectively) groups.

FRV was significantly lower in the N0.4 (1372 ± 363 mL),

0.8 (1168 ± 313 mL), and N1.6 (1073 ± 419 mL) groups than

n the N0 (3900 ± 0 mL; all P < 0.01) and N0.2 (3273 ± 380 mL,
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Figure 2. Fluid management of the different experimental groups. 
∗ Compared to N0 and N0.2, IV was significantly lower ( P < 0.05). 
† Compared to N0 and N0.2, TFRV was significantly lower ( P < 0.05). 
‡ Compared to N0, N0.4, and N1.6, UV was significantly higher ( P < 0.05). 
§Compared to N0 and N0.2, BV was significantly lower ( P < 0.05). 

BV: Fluid balance volume during the shock resuscitation period; IV: Initial in- 

travascular expand volume; TFRV: Total fluid resuscitation volume during the 

shock resuscitation period; UV: Urine volume during the shock resuscitation pe- 

riod. 

a  

s  

(  

r  

r  

t  

N  

s  

(  

fi  

w  

I  

r

T

 

a  

r  

v  

T  

N  

a  

c  

T  

T  

t  

P  

i  

(  

i  

N  

P  

v  

w  

P  

h  

T

M

 

a  

r  

c  

e  

f  

r  

s  

t  

w  

c  

S  

d  

l  

i  

p  

i  

N  

P  

t  

P  

g  

P  

t  

p  

i

B

 

f  

T  

p  

N  

t  

P  

t

 

i  

e  

(  

t  

P  

C  

a  

i  

t  

t  

u  

a

I

 

I  

𝛼  

d  
ll P < 0.01) groups. Total urine volume from Ts to T6 was

ignificantly higher in groups N0.2 (479 ± 115 mL) and N0.8

383 ± 275 mL) than in N0 (54 ± 25 mL, P < 0.001 and P = 0.001,

espectively) and N1.6 (165 ± 116 mL, P = 0.001 and P = 0.016,

espectively). Total fluid balance from Ts to T6 was posi-

ive in all groups and values in the N0.4 (1156 ± 366 mL),

0.8 (785 ± 134 mL), and N1.6 (908 ± 400 mL) groups were

ignificantly lower than those in N0 (3846 ± 25 mL) and N0.2

2795 ± 442 mL) (all P < 0.01) ( Figure 2 ). Overall, some bene-

ts in rapidly achieving and maintaining target blood pressure

ere observed in groups N0.4 and N0.8, as indicated by lower

V, TFRV, and total fluid balance. Fluid-related data are summa-

ized in Supplementary Table 2. 

hermodilution variables 

CI, GEDVI, SVRI, and EVLWI did not differ significantly

mong groups at Tb. Further, at Ts, all groups exhibited similar

eductions in CI, GEDVI, and SVRI, and a similar minimal ele-

ation in EVLWI. Based on the hourly resuscitation data (from

s to T6), no improvements in CI or SVRI were detected in the

0 group, while in the other groups (i.e., those concomitantly

dministered fluids and NE) CI, GEDVI, and SVRI gradually re-

overed to baseline levels, and EVLWI increased to higher than

b and Ts levels; these changes varied among the groups. At

6, CI (L/min/m 

2 ) in N0.8 (4.20 0.49) was significantly higher

han that in N0.2 (3.36 ± 0.53, P = 0.003), N0.4 (2.77 ± 0.44,

 < 0.001), and N1.6 (3.34 0.55, P = 0.003); GEDVI (mL/m 

2 )

n N0.8 (515.33 ± 50.00) was higher than that in N0.4

416.17 ± 38.00, P < 0.001); SVRI value (dyn·s/cm 

5 ·m 

2 )

n N0.4 (3170.67 ± 362.93) was higher than those in

0.2 (2057.50 ± 207.76, P < 0.001), N0.8 (2577.50 ± 579.71,

 = 0.006), and N1.6 (2145.83 ± 204.52, P < 0.001); and EVLWI

alues (mL/kg) in N0 (24.33 ± 3.27) and N0.2 (22.50 ± 2.43)

ere higher than that in N0.4 (18.17 ± 1.17, P < 0.001 and

 = 0.003, respectively), while EVLWI in the N0 group was also

igher than that in N0.8 (19.67 ± 1.75, P = 0.001) ( Figure 3 ).

hese data are summarized in Supplementary Tables 3–6. 
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icrocirculation 

Images of the sublingual mucosa microcirculation at Tb, Ts,

nd T6 are presented in Figure 4 A. We detected a significant

eduction in small vessels from Tb to Ts in each group, indi-

ating similar microcirculation injury in all animals exposed to

ndotoxin; however, the small vessel changes from Ts to T6 dif-

ered among groups ( Figure 4 A; b to c worsened; e to f, partially

ecovered; and h to I, no noticeable improvement). Similar re-

ults were obtained on analysis of SVPPV and PSVD; that is,

here were significant reductions from Tb to Ts in all groups,

ith variation among groups undergoing different shock resus-

itation strategies. In N0, SDF parameters consistently declined,

VPPV decreased to (14.64% ± 2.34%), and PSVD (mm/mm 

2 )

eclined to (1.93 ± 0.16) at T6, with both values significantly

ower than those in the other groups. In each group receiv-

ng NE, the downward trend from Ts to T6 slowed, or even

artially reversed, but to varying degrees. At T6, SVPPV (%)

n N0.8 (77.54 ± 5.46) was significantly higher than that in

0.4 (68.28 ± 8.24, P = 0.009) and N1.6 (65.33 ± 4.76, P = 0.001);

SVD (mm/mm 

2 ) in N0.8 (10.19 ± 0.99) was significantly higher

han that in N0.2 (9.28 ± 0.68, P = 0.044), N0.4 (8.87 ± 0.67,

 = 0.005), and N1.6 (6.02 ± 0.93, P < 0.001); and PSVD values in

roups N0.2 and N0.4 were also higher than that in N1.6 (both

 < 0.001) ( Figure 4 B). The N0.8 group performed better in

erms of microcirculation, with significant improvements in SDF

arameters, including SVPPV and PSVD, at T6. This information

s summarized in Supplementary Tables S7 and S8. 

iochemistry 

Serum lactate increased from Tb to Ts in all groups at dif-

ering rates. Lactate level further increased in N0 and N1.6 at

s, but decreased in N0.2, N0.4, and N0.8 following Ts (Sup-

lementary Figure S2). At T6, serum lactate levels (mmol/L) in

0 (4.55 ± 0.41) and N1.6 (3.97 ± 0.42) were significantly higher

han in N0.2 (2.95 ± 0.48, both P < 0.001), N0.4 (2.78 ± 0.66, both

 < 0.001), and N0.8 (2.35 ± 0.40, both P < 0.001) (Supplemen-

ary Table S9). 

Serum BUN and CREA increased from Tb to Ts and further

ncreased from Ts to T6 in all groups; however, the degree of

levation differed among groups. At T6, BUN (mmol/L) in N0

6.86 ± 0.53) and N1.6 (6.82 ± 0.62) was significantly higher than

hat in N0.4 (5.66 ± 0.61, both P < 0.001) and N0.8 (5.83 ± 0.48,

 = 0.003 and P = 0.004, respectively) (Supplementary Figure S2).

REA levels (μmol/L) in N0 (73.13 ± 4.94), N0.2 (71.19 ± 5.85),

nd N1.6 (71.57 ± 4.52) were significantly higher than those

n N0.8 (63.71 ± 3.97, P = 0.003, P = 0.014, and P = 0.010, respec-

ively), while CREA levels in N0 were also significantly higher

han those in N0.4 (65.89 ± 5.04, P = 0.017) (Supplementary Fig-

re S2). These data are outlined in Supplementary Tables S10

nd S11. 

nflammatory cytokines 

All serum cytokines increased from Tb to Ts. At T6, IL-1 𝛽,

L-6, and IL-10 levels were higher than those at Ts, while TNF-

decreased to near baseline levels. There were no significant

ifferences among groups in IL-1 𝛽, IL-6, IL-10, or TNF- 𝛼 levels
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Figure 3. Hourly changes in thermodilution variables in different experimental groups. 
∗ N0.2, N0.4, N0.8, and N1.6 were significantly higher than N0 ( P < 0.05). 
† N0.8 was significantly higher than N0, N0.2, N0.4, and N1.6 ( P < 0.05). 
‡ N0 and N0.8 were significantly higher than N0.4 ( P < 0.05). 
§N0.4 was significantly higher than N0, N0.2, N0.8, and N1.6 ( P < 0.05). 
∥N0 was significantly higher than N0.4 and N0.8 ( P < 0.05). 
¶N0.2 was significantly higher than N0.4 ( P < 0.05). 

CI: Cardiac index; EVLWI: Extravascular lung water index; GEDVI: Global end-diastolic volume index; SVRI: Systemic vascular resistance index; T6: Time at the end 

of the shock resuscitation period, equal to Ts + 6 h; Tb: Time at baseline; Ts: Time identified with endotoxemic shock. 
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t any time point (Supplementary Figure S2). These findings are

ummarized in Supplementary Tables S12–S15. 

istopathology 

Lung samples from groups N0 and N0.2 showed inflamma-

ory cell infiltration, along with edematous thickening of the

ronchial submucosa, diffuse expansion of the alveolar intersti-

ium, and fluid in some alveolar cavities (black arrow; Figure 5 ).

ith increasing NE infusion dose, inflammatory cell infiltration

nd pulmonary interstitial edema were progressively alleviated

n groups N0.4 and N0.8. In the N1.6 group, impairment of the

ulmonary alveolar epithelium and alveolar cavity fluid were

oth aggravated relative to groups N0.4 and N0.8. 

iscussion 

To our knowledge, this is the first investigation to demon-

trate that the use of different doses of NE together with fluid re-

uscitation induces dose-dependent changes in a porcine endo-

oxemic shock model. At 0.8 μg/kg/min NE, we noted a decrease

n fluid requirement and improved microcirculation; however,

 higher dose (1.6 μg/kg/min) was associated with microcircu-

atory disorganization and tissue hypoperfusion. 
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Several authors have suggested examining SDF using at least

hree sites (ideally five sites) before calculating the average

alue. [ 13–15 ] By fixing the microscope with a bracket, we were

ble to capture the required images and their changes at the

ame site throughout the experiment, avoiding sampling errors.

To evaluate the impact of NE on preload at different doses,

e attempted to minimize the effect of fluid infusion on the

reload. Therefore, a dynamic fluid resuscitation process, based

n hemodynamic indicators, was adopted, which was different

rom previous reports that used continuous infusion methods

hroughout the process [ 16 ] , or stopped the infusion entirely af-

er a specific period. [ 17 ] Our fluid resuscitation strategy was

ased on fixed administration of NE. Fluid infusion was only

sed when MAP dropped, and was stopped once MAP returned

o baseline, and then MAP was maintained using a fixed dose

f NE alone. This approach could maximize the effect of NE on

educing preload dependence and facilitate observation of its

mpact. Our strategy was more consistent with dynamic, indi-

idualized fluid management in clinical treatment. 

We chose an endotoxemic model with rapid CO reduction in-

uced by using an endotoxin bolus before infusion. [ 17 , 18 ] Bryne

t al. [ 17 ] used an incremental increase in the rate of continuous

ndotoxin infusion to maintain near-normal cardiac function,

hile SVRI declined, and reported that this model reflected the



H. Xiang, Y. Zhao, S. Ma et al. Journal of Intensive Medicine 3 (2023) 335–344 

Figure 4. Microcirculation changes in SDF images and variables. A: SDF images from the same sublingual mucosa microcirculation site at different time points. a, 

b, and c show the changes in group N0; d, e, and f show the change in group N0.8; g, h, and i show the change in group N1.6, from Tb to Ts to T6. A, d, and g, basal 

state; b, e, and h, stasis and discontinuity of blood flow with decreased perfusion vessel density; c, further aggravation of blood stasis, discontinuity, and significant 

decrease in perfusion vessel density; f, reperfusion in some vessels and a significant increase in perfusion vessel density; i, no significant improvement in stasis or 

discontinuity, but perfusion vessel density was reduced to even slightly lower than that observed at Ts (h). B: Changes in SDF variables in groups administered 

different NE pumping regimens. 
∗ Significantly lower than the other groups at T6 ( P < 0.05). 
† Significantly higher than N0, N0.4, and N1.6 at T6 ( P < 0.05). 
‡ Significantly lower than N0.2, N0.4, and N0.8 at T6 ( P < 0.05). 

NE: Norepinephrine; PSVD: Perfused small vessel density; SDF: Side stream dark-field; SVPPV: Small vessel proportions of perfused vessels; T6: Time at the end of 

the shock resuscitation period, equal to Ts + 6 h; Tb: Time at baseline; Ts: Time identified with endotoxemic shock. 
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Figure 5. Histopathological changes in lung tissues shown by HE staining (200 × magnification). Lung tissue from groups: N0 (A), N0.2 (B), N0.4 (C), N0.8 (D), and 

N1.6 (E). Black arrow, impaired pulmonary alveolar epithelium and fluid edema, with pale red in the alveolar cavity. HE: Hematoxylin–eosin. 
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ctual effect of fluid resuscitation in the clinical setting; how-

ver, their model may only be representative of mild endotox-

mic shock status, which allows the involvement of compen-

atory mechanisms. Myocardial depression is among the charac-

eristic pathophysiological changes during severe endotoxemic

hock. [ 19 , 20 ] Our model showing low CO with a decline in SVRI

ay better represent severe endotoxemic shock requiring fluid

esuscitation and NE infusion at an early stage. 

ffects on macro-hemodynamics 

NE has complex effects on macrocirculation, which are asso-

iated with changes in cardiac function, mean systemic filling

ressure [ 10 ] , and afterload. [ 9 , 21 ] NE increases stressed volume,

hereby enhancing cardiac preload; however, by increasing car-

iac afterload, NE can also impact CO. [ 22 , 23 ] 

Our data demonstrate that early administration of NE with

uid resuscitation can increase CI and reduce the amount of

uid infusion required during the early stages of endotoxemic

hock, relative to fluid resuscitation only. Nevertheless, this ef-

ect varies with NE dose; for example, contraction of resistant

arteries) and capacitance (veins) vessels were both insufficient

n group N0.2, preventing the attainment of target blood pres-

ure; therefore, more resuscitation IV fluids were administered.

n comparison, resistant and capacitance vessels were both suf-

ciently contracted in groups N0.8 and N1.6, allowing rapid

chievement of target blood pressure by increasing preload and

itigating the need for fluids. Meanwhile, we found no signifi-

ant differences in IV and TFRV between groups N0.8 and N1.6.

his finding was not consistent with observations of animals in

roups N0 to N0.8, indicating that the decline in preload depen-

ency and fluid infusion requirements are not linearly correlated

ith NE dose. In group N0.4, capacitance vessel contraction ap-

eared to be insufficient to provide appropriate preload, despite

chieving the target blood pressure. Indeed, we observed unsat-

sfactory CI, low GEDVI, and elevated SVRI in group N0.4 by
341 
ICCO monitoring, while MAP targets were achieved. This find-

ng was consistent with the results of De Mey and Vanhoutte [ 24 ] ,

ho reported differences in the pharmacological properties of

ostjunctional alpha-adrenergic receptors among arteries and

eins. Further, Hellegouarch et al. [ 25 ] found that different parts

f the vena cava (i.e., rostral vs. caudal) showed varying affinity

nd contraction capacities in response to NE. 

icrocirculation and tissue perfusion 

Microcirculatory insufficiency is associated with unfavor-

ble outcomes, and its correction can potentially improve

urvival. [ 26 ] Endotoxemic shock results in vasoparalysis and

n inflammatory state, characterized by vasodilation and in-

reased vascular permeability. [ 27 , 28 ] These changes in capillary

ermeability can, in turn, lead to microcirculatory dysfunction

nd low tissue perfusion. [ 29 ] Hence, improved microcirculation

nd tissue perfusion are primary targets in endotoxemic shock

reatment. [ 30 ] Multiple studies have evaluated the impact of

igher MAP induced by NE on the microcirculation. Xu et al. [ 31 ] 

eported improved microcirculation in response to increasing

AP using N in patients with a history of hypertension ad-

inistered NE, while Dubin et al. [ 12 ] and Jhanji et al. [ 32 ] ob-

erved the opposite effect. In our research, animals in groups

0.2, N0.4, and N0.8 showed improvements in SDF parameters

nd lactate levels after 6 h of resuscitation. Unlike the other

roups, animals in group N1.6 exhibited lower SDF parame-

ers and elevated lactate level at T6. The primary reason for

uch discrepancies is the discordance between the macro- and

icro-circulations in shock states. [ 28 , 33 ] Early use of NE can

mprove macrocirculation parameters, without correcting mi-

rocirculatory deficits. [ 28 ] The microvascular flow driving pres-

ure is the gap between precapillary inflow pressure and micro-

enous outflow pressure. [ 34 ] NE can increase precapillary pres-

ure and flow by contracting the microarteries [ 35 ] ; however, NE

an also decrease capillary flow by inducing excessive micro-
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3

rterial vasoconstriction. [ 12 , 36 ] Therefore, the balance between

riving pressure and capillary flow will determine what is ob-

erved in studies of microcirculatory parameters. 

Fluid resuscitation may be associated with delayed vascular

njury. This hypothesis was first proposed in the FEAST trial as,

fter early rapid fluid resuscitation, some patients developed cir-

ulatory insufficiency. [ 37 ] Subsequently, Bryne et al. [ 17 ] found

n obvious decrease in SVRI and a rapid increase in vasopressor

equirement in the fluid-resuscitated group, which could not be

olely explained by systemic inflammation progression; they at-

ributed this finding to an increase in glycocalyx shedding and

xacerbated vascular dysfunction. In our study, early use of NE

as associated with an apparent elevation in SVRI, possibly due

o the protective influence of NE against the detrimental effects

f fluids on endothelial cells. 

ffects on organ function 

Fluid overload following resuscitation leads to tissue

dema. [ 38–40 ] NE can increase cardiac preload and decrease the

eed for fluids. [ 9 ] In some studies, early administration of NE to

atients with sepsis reduced both the need for fluid infusion and

ortality rates. [ 41–43 ] Macdonald et al. [ 44 ] found that a regimen

nvolving restricted fluids and early vasopressor administration

n patients with suspected sepsis with hypotension reduced to-

al fluid volume administered in the first 24 h; however, Sem-

er et al. [ 45 ] found that a conservative fluid management pro-

ocol did not decrease the mean daily fluid balance in patients

ith sepsis. In our study, the benefits of using NE were dose-

ependent; hence, in the N0.2 group, the amount of fluid infu-

ion was not lower, while animals in the N0.4 and N0.8 groups

eeded less fluid volume and, therefore, had lower tissue edema

nd higher tissue perfusion. 

Microcirculatory and tissue perfusion dysfunction can also

ead to kidney dysfunction. [ 46 ] Corrêa et al. [ 47 ] found that kid-

ey function and urine output were improved when MAP rose

n response to NE administration during septic shock; however,

his effect was dose-dependent in our study, as the N1.6 group

roduced the least amount of urine, despite significant improve-

ents in macro-circulatory parameters, which was not consis-

ent with the findings of previous studies. [ 22 , 48 ] 

tudy limitations 

Our study had some limitations. First, as we used an animal

odel, the translation of the changes in hemodynamic variables

o humans requires further testing. Second, during SDF parame-

er measurement, some videos and images were not optimized.

hird, although unlikely, the use of LRS as the resuscitation fluid

ay have influenced serum lactate levels. Fourth, we did not

se organ weight or calculate dry-to-wet tissue ratio to assess

he fluid volume accumulated in the thoracic and abdominal

avities. Finally, the experimentation time was relatively short,

aking it challenging to observe all the effects, particularly or-

an function changes and mortality. A longer experimentation

ime (e.g., 12–24 h) could potentially allow more information to

e obtained about the longer-term impacts of our interventions.
342 
onclusions 

In our porcine endotoxemic shock model, we found that

E could reduce preload dependence and decrease the amount

f infusion required, with an upper threshold. Thus, only us-

ng appropriate doses of NE improved microcirculation and

rgan function, while very low and very high doses resulted

n detrimental effects. By targeting macro-circulatory correc-

ion alone, there is a chance that tissue perfusion deficiency is

issed because of inadequate NE dose. An NE dose range of 0.4–

.8 μg/kg/min may be optimal, leading to comparable blood

ressure and SVRI, or well-maintained SDF, due to lower fluid

olume and tissue edema, as well as higher tissue perfusion. We

o not suggest increased NE to treat compromised SDF, as SDF is

nly one microcirculation indicator. Tissue perfusion indicators,

uch as serum lactate and SDF indicators, as well as MAP, allow

 comprehensive assessment of resuscitation during the treat-

ent of endotoxemic shock, and these factors should be taken

nto consideration. More studies are needed to determine if our

esults can be translated into clinical practice. 
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