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Abstract 

Background: While anti-shock therapy provided early after hemorrhage may be beneficial, the 
problem of delivery of potential therapeutics to ischemic tissue has not been well-appreciated. 
Polydatin (PD) and 5-aminoimidazole-4-carboxamide 1-β-D-ribonucleoside (AICAR) alleviate 
mitochondrial dysfunction and acute renal injury (AKI) following resuscitation, but it is unclear 
whether PD or AICAR are still effective before resuscitation when drug delivery can be still impeded. 
Because a low volume of polyethylene glycol (PEG) improves tissue perfusion in rats following 
hemorrhagic shock, we hypothesized that either PD or AICAR, when administered in combination 
with PEG, will be more effective on restoring hemodynamic function and mitochondrial function 
than when either drug is administered without PEG. Methods: Rats were randomized into 6 
treatment groups (n=8/group): saline, PEG, PD, PD+PEG, AICAR, and AICAR+PEG. Extremity 
trauma was induced in anesthetized rats followed by pressure-controlled hemorrhage (mean arterial 
pressure (MAP) = 55 mmHg) for 45 minutes, at which point treatment was administered without 
fluid resuscitation. MAP, renal blood flow (RBF) and oxygen delivery (DO2), glomerular filtration 
rate (GFR), and sodium and potassium reabsorption were measured. Two hours after treatment, rats 
were euthanized to measure renal mitochondrial function. Results: Hemorrhage caused 
hyperlactatemia and decreased RBF, DO2, GFR, and urine flow; PEG, PD+PEG, and AICAR+PEG 
similarly improved these parameters, but neither PD nor AICAR alone showed any hemodynamic 
effects. However, preserved renal mitochondrial respiratory activities were only observed in 
PD+PEG and AICAR+PEG but not in PD, AICAR, or PEG alone groups. In addition, PD+PEG but not 
PD alone inhibited the tubular mitochondrial activity during shock as indicated by decreased renal 
sodium and potassium reabsorption. Conclusion: During hemorrhagic shock, PD or AICAR 
demonstrated preservation of mitochondrial function only when co-administered with PEG to 
alleviate tissue ischemia. This finding suggests a potential pharmacologic strategy to improve tissue 
delivery of therapeutics when resuscitation is limited.  

Keywords: shock; ischemia; delivery; renal injury; mitochondria 
 

1. Introduction 

Most battlefield mortality following hemorrhage occurs in pre-hospital environments, with one 
quarter of deaths deemed potentially preventable [1]. Research on anti-shock treatments to be 
administered at the point of injury or during pre-hospital transportation has been emphasized for 
situations when timely or sufficient resuscitation is unavailable [2]. However, without sufficient 
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resuscitation, decreases in tissue perfusion pressure may impair drug delivery and distribution and 
thus limit the positive effects of potential anti-shock drug candidates. We have previously shown that 
a low volume injection of polyethylene glycol (PEG) rapidly improves renal blood flow and capillary 
perfusion following hemorrhagic shock [3]. We therefore hypothesized that such acute hemodynamic 
effects may favor rapid drug delivery and distribution to ischemic tissue. 

Mitochondria are vulnerable during hemorrhagic shock [4]. Resveratrol and 5-aminoimidazole-
4-carboxamide 1-β-D-ribonucleoside (AICAR) have been well recognized for their beneficial effects 
on mitochondrial function and related antioxidative and anti-inflammatory properties [5,6]. 
Polydatin (PD) is a naturally abundant glycosylated precursor of resveratrol with higher metabolic 
stability and solubility than resveratrol [7–9], making it a superior candidate for anti-shock therapy. 
Many studies have shown that either PD or AICAR can improve mitochondrial function and 
biogenesis [10,11] and reduce cellular/organ damage and mortality when applied as adjuncts to 
resuscitation following hemorrhagic shock [12–15]. However, it is unclear whether PD or AICAR 
have any beneficial effects if applied without resuscitation, as might be the case in austere 
environments with limited resuscitation fluid availability and resultant impairment in drug delivery. 
Therefore, the goals of this study were to determine whether 1) these potential anti-shock drugs 
become less effective if resuscitation is absent; and 2) anti-shock effects of these drugs can be 
amplified if tissue perfusion is improved by applying PEG as an adjunct treatment. We hypothesized 
that, without resuscitation, the effectiveness of either PD or AICAR on mitochondrial function, 
metabolism, and systemic outcomes following hemorrhagic shock will be improved if PEG is 
simultaneously applied as an adjunct to improve tissue perfusion. A previously established rat model 
of prolonged hemorrhagic shock was used to address this hypothesis [3]. Because hemorrhage 
induces profound vasoconstriction and, presumably, impaired drug delivery in the kidney, we 
measured renal hemodynamics and mitochondrial function as indices for therapeutic effects.  

2. Methods 

2.1. Animals 

Research was conducted in compliance with the Animal Welfare Act, the implementing Animal 
Welfare regulations, and the principles of the Guide for the Care and Use of Laboratory Animals. The 
Institutional Animal Care and Use Committee approved all research conducted in this study. The 
facility where this research was conducted is fully accredited by the AAALAC.  

Male Sprague-Dawley rats (13-15 weeks old) were acquired from Charles River Laboratories 
International, Inc., and were allowed to acclimatize to the facility for at least 3 days. Rats were housed 
two to three per cage at 22°C, exposed to a 12-hour light/dark cycle, and fed standard rat chow 
(LabDiet, St. Louis, MO) with food and water both provided ad libitum. 

Because the original study was focused on renal injury, creatinine levels were chosen as the 
outcome measure for the initial power analysis. The a priori power analysis indicated that n=12 per 
group was required. Subsequent analyses at n=8 demonstrated statistical differences in creatinine and 
other variables. Hence, sample sizes of 8 were evaluated to minimize animal use.  

A total of 48 rats were randomized into 6 groups (n=8/group) based on treatment: saline 
(vehicle), PEG, PD, PD+PEG, AICAR, and AICAR+PEG. The hemodynamic and blood gas data for 
the PEG and saline groups were previously published [3]. The current study used the same 
experimental protocol to build upon these findings to investigate the anti-shock effects of PD, AICAR, 
and their combination with PEG. The statistically identical data among the 6 groups prior to injections 
suggests repeatability and reliability of the experimental model. Rats were excluded from the 
experiment if catheters failed. Investigators were not blinded to treatment group during the data 
collection or analysis.  
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2.2. Surgical Preparation 

Rats were anesthetized with Inactin (thiobutabarbital sodium, IP, 100 mg/kg), and rectal 
temperature was maintained between 37°C to 38°C via a heating pad and a red-light lamp. 
Buprenorphine SR (~1.2 mg/kg SC) was administered before surgery. The trachea was intubated (PE 
240 polyethylene catheter) allowing the rat to spontaneous breath room air. The left femoral and 
carotid arteries were catheterized for hemorrhage and measurement of mean arterial pressure (MAP) 
(LabView-Based, Data Acquisition System, National Instruments, Austin, TX), respectively. The left 
femoral vein was cannulated for continuous infusion of 0.9% saline with 1% bovine serum albumin 
(5 μL/g body weight per hour), and for intravenous injection of fluorescein-isothiocyanate-(FITC)-
sinistrin, PEG, PD, AICAR, PD+PEG, AICAR+PEG, or saline vehicle.  

The bladder was catheterized to continuously collect urine and record urine flow (urine 
volume/min). A perivascular ultrasonic transit time flow probe (0.7PSB, Transonic Systems Inc, 
Ithaca, NY) was placed around the left renal artery to measure renal blood flow (RBF). The abdominal 
incision was closed after surgery. An optical device (NIC-Kidney, Mannheim Pharma & Diagnostics, 
Germany) was attached to the skin to record excretion kinetics of FITC-sinistrin after an injection (10 
mg/kg) via the femoral vein, enabling calculation of glomerular filtration rate (GFR) [16].  

2.3. Experimental Protocol 

The experimental timeline is presented in Figure 1. 

 

Figure 1. The timeline for the entire experimental design and the volume loss for hemorrhagic shock. Blood loss 
did not differ among treatment groups (P ≥ 0.14; n=8/group). Data are depicted as mean ± SE. PEG, polyethylene 
glycol-20K; PD, Polydatin; AICAR, 5-aminoimidazole-4-carboxamide 1-β-D-ribonucleoside; BAS, baseline; 
MAP, mean arterial pressure; HR, heart rate; RBF, renal blood flow; GFR, glomerular filtration rate. Blood 
samples were obtained at 30 min intervals after treatment administration. 

2.3.1. Extremity Trauma 

Approximately 45 minutes following surgical preparation, extremity trauma was performed on 
the left hindlimb as previously described [17,18]. In brief, soft tissue injury was induced via clamping 
the retrofemoral tissue groups for 30 seconds with an angled Kelly clamp. Fibula fracture was then 
conducted with a 15-gauge needle, which penetrated the skin and fascia between the tibia and fibula 
(at the middle from the knee to the calcaneus bone). Using the tibia as a fulcrum, the needle was 
twisted to apply sufficient pressure on the fibula to cause it to break.  

2.3.2. Hemorrhagic Shock 

Five minutes after accomplishment of extremity trauma, blood was withdrawn from the femoral 
catheter at 0.5 mL/min (with a dual direction pump) into a 10-mL syringe (< 50 USP Units/ml heparin) 
until MAP reached 55 mmHg, which took 13 minutes on average. FITC-sinistrin was then injected 
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intravenously to start GFR recording (until the end of the experiment). MAP was maintained for 45 
minutes by withdrawal of blood or infusion of shed blood (0.5 mL/min).  

2.3.3. Treatment 

After 45 minutes of hemorrhagic shock with MAP maintained at 55 mmHg, rats were injected 
with either 0.9% saline (vehicle), 7.5% PEG, PD (0.150 mg/100 g body weight), AICAR (5 mg/100 g 
body weight), PD+PEG, or AICAR+PEG. PD, AICAR, and PEG were each dissolved in 0.9% saline 
and the total volume injected in all treatment groups was 0.3 ml/100 g body weight. The total blood 
volume (ml) in a healthy rat was estimated as 6.77 ml/100 g [19]. The peak circulating concentration 
of PD after intravenous injection in the hemorrhaged rats should be higher than (0.15 mg ÷ 6.77 
ml)/390.9 molecular weight x 106= 60 μM due to blood loss. A similar concentration of PD was shown 
to improve mitochondrial function, alleviate oxidative stress, and decrease apoptosis following 
ischemia reperfusion injury in both in vitro and in vivo studies [20–22]. AICAR even at intravenous 
doses of 3-4 mg/100 g was shown to alleviate oxygen debt and renal injury following hemorrhage in 
animal studies [23,24]. 

2.3.4. Hemodynamics and Blood and Urine Assays 

MAP, RBF, and GFR were continuously recorded for 2 hours after treatment. Arterial blood 
samples (~0.2 ml) were collected at baseline, after 45 minutes of shock, and every 30 minutes after 
PEG, PD, AICAR, PD+PEG, AICAR+PEG, or saline treatment (Figure 1). After each blood sample, the 
sample volume was immediately replaced with shed blood. Blood gases, electrolytes, hematocrit 
(HCT), hemoglobin (Hb), creatinine, and blood urea nitrogen (BUN) were measured using an i-STAT 
Handheld Blood Analyzer (Abbott Point of Care Inc. Princeton, NJ). Plasma fatty acid levels were 
measured in AICAR and AICAR+PEG groups (ELISA, Abcam, Waltham, MA) at baseline, after 45 
minutes of shock, and 30 minutes after treatment. Urine was continuously collected during the 45-
min shock and the 2-hour observation periods after treatment, with fresh microcentrifuge tubes used 
for each period. Urinary sodium and potassium concentrations were measured using Easylyte 
analyzers (Medica Corporation, Bedford, MA). At the end of the experiment, the optical device for 
GFR recording was read and analyzed using MediBeacon Studio V2 software (Mannheim Pharma & 
Diagnostics, Germany). Kidneys were collected immediately after euthanasia (Fatal-Plus) at the end 
of the experiment or immediately after death if this occurred during the experiment. Kidneys were 
stored in liquid nitrogen for later analysis of mitochondrial respiratory function [25].  

The following calculations were performed: 

• Arterial oxygen content (CaO2) = ([hemoglobin] × 1.36 x SaO2) + (0.0031 × PaO2), where SaO2 is 
arterial oxygen saturation, PaO2 is arterial oxygen partial pressure 

• Renal oxygen delivery (DO2) = CaO2 x RBF 
• Sodium or potassium filtration rate = Plasma [Na+] or [K+] x GFR  
• Sodium or potassium excretion rate = Urinary [Na+] or [K+] x urinary flow 

2.3.5. Mitochondrial Oxygen Consumption Rate (OCR) 

Measurement of OCR in frozen tissue has been demonstrated in a previous study [25]. Because 
mitochondrial complexes I and III are susceptible to damage from freeze-thaw cycles [25], we only 
measured the OCR of complexes II and IV. Note that membrane potential is not maintained under 
such preparation, and thus ATP generation was not measured. In brief, frozen kidneys were thawed 
in ice-cold MAS buffer (70 mM sucrose, 220 mM mannitol, 5 mM KH2PO4, 5 mM MgCl2, 1 mM EGTA, 
2 mM HEPES pH 7.4) and the renal pelvis was removed. Cortex and medulla were minced, 
homogenized, and centrifuged at 1,000 g for 10 minutes at 4°C. The supernatant was collected and 
centrifuged at 14,000 g for 10 minutes at 4°C to collect the mitochondria-enriched fraction [25]. 
Mitochondrial homogenates (50 μl of 80 μg/ml protein concentration, final concentration 4 μg) were 
loaded into an Agilent Seahorse XFe24 microplate (Seahorse Bioscience, MA). Substrate and inhibitor 
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injections were given as follows: Port A, 5 mM succinate + 2 μM rotenone; Port B, 2 μM rotenone + 4 
μM antimycin A; Port C, 0.5 mM N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD) + 1 mM 
ascorbic acid; Port D, 50 mM azide. Complex II and IV-dependent respiration was calculated using 
the difference between the substrate-induced OCR measured before and after adding inhibitors. Each 
sample was analyzed in quadruplicate, and each measurement was conducted twice. Wave software 
(Agilent, CA) was used to export OCR rates normalized by protein [25].  

2.4. Statistical Analysis 

Survival was compared among saline, PEG, PD, and PD+PEG groups or among saline, PEG, 
AICAR, AICAR+PEG groups using SAS version 9.4 (SAS Institute Inc., Cary, NC) with a Tukey-
Kramer multiple comparisons adjustment for the logrank test. Remaining data were analyzed using 
Prism 9.2.0 (GraphPad Software, Boston, MA). Blood volume losses, GFR, OCR, urinary flow, and 
filtered and excreted sodium or potassium rate were compared among groups using one-way 
ANOVA with Šídák's multiple comparisons. Due to the minimal urinary flow in saline, PD, and 
AICAR groups, all urine measurements were only compared among PEG, PD+PEG, and 
AICAR+PEG groups (Supplemental Table S1). The OCR of non-hemorrhaged animals and the saline 
(hemorrhage) group was compared using unpaired t-tests. All other data following hemorrhage or 
injections were analyzed using repeated measures with mixed-effects models and Geisser-
Greenhouse corrections. Multiple comparisons were adjusted using Tukey’s statistical hypothesis 
test. Data are presented as mean ± SE, and significance was evaluated with α < 0.05. 

3. Results 

Blood loss was similar among groups (Figure 1, P ≥ 0.14). Baseline MAP, heart rate (HR), and 
their responses during hemorrhage (from 0 min to 45 min) did not differ among groups (Figure 2). 
Saline or PD injection failed to affect MAP or HR, which decreased in those groups until mortality. 
AICAR transiently increased MAP compared to the saline group (t = 55 min and t = 60 min, P ≤ 0.009) 
but had no effect on HR. PEG, PD+PEG, and AICAR+PEG rapidly increased MAP (P < 0.001 vs. saline 
from t = 50 min to t = 90 min, P ≤ 0.005 vs. saline at t = 105 min). HR also increased following PEG, 
PD+PEG, or AICAR+PEG compared to HR in the saline group (P ≤ 0.03 vs. saline from t = 75 min to 
t=105 min). Because of high mortality in the saline group, comparisons versus saline were not possible 
beyond 105 min. No differences in MAP or HR were observed among PEG, PD+PEG, and 
AICAR+PEG groups after hemorrhage or injections. 

 
Figure 2. Mean arterial blood pressure (MAP, Panel A) and heart rate (Panel B) in saline, PEG, PD, PD+PEG, 
AICAR, and AICAR+PEG groups (started with n = 8 for each group). Surviving animal numbers at each time 
point in each group are shown in the table in Figure 1. The data from saline and PEG groups were adapted from 
our previous study (3). Data are depicted as mean ± SE. Data are not shown if n < 3. (Panel A: * P < 0.01 vs. saline; 
# P < 0.02 vs. t = 45 min, Panel B: * P ≤ 0.03 vs. saline; PEG, Polyethylene glycol-20K; PD, Polydatin; AICAR, 5-
aminoimidazole-4-carboxamide 1-β-D-ribonucleoside). . 
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Hemorrhagic shock for 45 min similarly increased plasma creatinine, BUN, potassium, and 
lactate, and decreased pH, HCT, Hb, and calcium among all groups (P < 0.05, 45 min vs baseline 
values, Table 1). Neither PD nor AICAR affected these parameters compared to saline. A further 
increase in creatinine was observed in AICAR+PEG (P = 0.04 vs. 45 min) but not in PEG and PD+PEG 
groups (P = 0.01 vs. saline at t = 105). None of the treatments affected BUN or calcium levels, which 
did not differ among groups at time points wherein comparisons were possible. Compared to the 
saline group, significant decreases in lactate were found following PEG and PD+PEG treatment (P ≤ 
0.001 at 75 min and P = 0.003 at 105 min) but not AICAR+PEG treatment (P = 0.75 at 75 min and P = 
0.052 at 105 min). Potassium levels were decreased in all drug groups compared to saline (P ≤ 0.03 at 
75 min and P ≤ 0.01 at 105 min). In addition, pH was increased in PEG and PD+PEG at 75 min (P ≤ 
0.04) and was increased in all groups at 105 min (P ≤ 0.02) compared to the saline group. HCT and 
Hb increased after saline injection (P =0.01, 105 min vs. 45 min), while PEG, PD+PEG, or AICAR+PEG 
injections similarly decreased HCT and Hb levels (P< 0.001 vs. 45 min; P < 0.001, PEG, PD+PEG, or 
AICAR+PEG vs. saline). Circulating free fatty acids were not different between groups at baseline or 
45 minutes after hemorrhage (Supplemental Figure 1). Free fatty acids, however, decreased 30 
minutes after AICAR+PEG treatment (P < 0.01 vs. baseline) but not after AICAR alone. 

Table 1. Blood sample measurement at baseline (Bas), 45 min (right before injections), 75min, 135, and 165 min 
after hemorrhage in saline, PEG, PD, PD+PEG, AICAR, and AICAR+PEG groups. . 

 Groups Bas 45 min 75 min 105 min 135 min 165 min 

Creatini
ne 

(mg/dL) 

Saline 0.44 ± 0.09 0.84 ± 0.09b 1.03 ± 0.18 a 1.18 ± 0.22 a ----------- ----------- 

PEG 0.39 ± 0.08 0.83 ± 0.13b 0.84 ± 0.21  0.90 ± 0.24  1.04 ± 0.30 a 1.23 ± 0.35a 

PD 0.33 ± 0.07 0.80 ± 0.05b 0.96 ± 0.09 a ----------- ----------- ----------- 

PD + 
PEG 

0.40 ± 0.11 0.80 ± 0.11b 0.84 ± 0.16  0.90 ± 0.17 c 1.03 ± 0.17 a 1.24 ± 0.22a 

AICAR 0.36 ± 0.14 0.88 ± 0.20b 1.07 ± 0.24 a ----------- ----------- ----------- 

AICAR+ 
PEG 

0.40 ± 0.14 0.89 ± 0.12b 0.99 ± 0.16 a 1.10 ± 0.24a 1.25 ± 0.28 a 1.50 ± 0.32 a 

BUN 
(mg/dL) 

Saline 22.25 ± 
5.20 

26.00 ± 
5.45b 

28.75 ± 6.14 a 31.80 ± 8.56 a ----------- ----------- 

PEG 
19.38 ± 

3.93  
24.13 ± 
3.60b 

24.75 ± 4.53  28.25 ± 5.06 a 32.38 ± 6.07 a 36.75 ± 6.69 a 

PD 
18.38 ± 

3.58  
22.50 ± 
3.78b 

25.75 ± 4.20 a ----------- ----------- ----------- 

PD + 
PEG 

21.25 ± 
4.40 

25.88 ± 
4.82b 

25.63 ± 3.96  29.50 ± 4.84 a 33.75 ± 4.53 a 38.50 ± 4.69 a 

AICAR 
20.13 ± 

3.91 
24.75 ± 4.89 

a 
27.29 ± 4.07 a ----------- ----------- ----------- 

AICAR+ 
PEG 

19.13 ± 
5.62 

24.25 ± 5.34 

a 
25.00 ± 5.29 29.00 ± 5.90 a 34.17 ± 7.08 a 37.50 ± 7.77 a 

Lactate 
(mM) 

Saline 1.33 ± 0.33 6.48 ± 1.17b 7.89 ± 1.85 a 10.28 ± 2.49 a ----------- ----------- 

PEG 1.19 ± 0.21 6.52 ± 1.78b 3.14 ± 1.28ac 2.50 ± 1.10ac 3.04 ± 1.66 a 4.03 ± 2.35 a 

PD 1.09 ± 0.32 7.09 ± 1.59 b 9.89 ± 3.02 a ----------- ----------- ----------- 

PD + 
PEG 

1.01 ± 0.39 6.97 ± 1.41b 3.62 ± 1.67ac 2.40 ± 1.14ac 2.59 ± 1.21a  3.37 ± 1.86 a 

AICAR 1.33 ± 0.40 7.34 ± 2.61b 10.59 ± 3.06 a ----------- ----------- ----------- 
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AICAR+ 
PEG 

1.36 ± 0.49 7.37 ± 1.78b 6.92 ± 2.73  5.92 ± 3.35  4.62 ± 2.08 4.12 ± 1.60 a 

pH 

Saline 7.41 ± 0.05 7.37 ± 0.03b 7.27 ± 0.14 7.15 ± 0. 09 a ----------- ----------- 

PEG 7.42 ± 0.07 7.37 ±0.07b 7.46 ± 0.07ac 7.47 ± 0.08ac 7.44 ± 0.10 a 7.39 ±0.16  

PD 7.40 ± 0.04 7.32 ± 0.06b 7.13 ± 0.14a ----------- ----------- ----------- 

PD + 
PEG 

7.41 ± 0.05 7.33 ± 0.06b 7.42 ± 0.04 ac 7.44 ± 0.04 ac 7.42 ± 0.04a 7.38 ± 0.06  

AICAR 7.40 ± 0.03 7.27 ± 0.03b 7.11 ± 0.09a ----------- ----------- ----------- 

AICAR+ 
PEG 

7.41 ± 0.04 7.31 ± 0.06b 7.35 ± 0.07a 7.35 ± 0.12 c 7.38 ± 0.05 7.39 ± 0.03 

Potassi
um 

(mM) 

Saline 4.69 ± 0.60 5.20 ± 0.42 b 7.06 ± 1.15 a 8.80 ± 0.45 a ----------- ----------- 

PEG 4.46 ± 0.45 5.19 ± 0.57 b 4.79 ± 0.52 ac 5.44 ± 0.86 c 5.76 ± 1.03  6.78 ± 1.77  

PD 4.44 ± 0.24 5.20 ± 0.46 b 7.79 ± 1.63 a ----------- ----------- ----------- 

PD + 
PEG 

4.25 ± 0.21 5.10 ± 0.42 b 4.61 ± 0.30 ac 5.11 ± 0.43 c 5.40 ± 0.70 6.16 ± 1.29  

AICAR 4.53 ± 0.38 6.08 ± 0.72 b 8.43 ± 0.92 a ----------- ----------- ----------- 

AICAR+ 
PEG 

4.58 ± 0.66 5.86 ± 1.06 b 5.56 ± 0.85c 6.93 ± 1.32 c  6.85 ± 0.68 7.03 ± 0.54  

Ionized 
calcium 

(mM) 

Saline 1.31 ± 0.06 1.20 ± 0.10 b 1.12 ± 0.11 1.08 ± 0.08 a ----------- -----------  

PEG 1.29 ± 0.08 1.22 ± 0.05 b 1.12 ± 0.07 a 1.09 ± 0.09 a 1.09 ± 0.10 a 1.06 ± 0.09 a 

PD 1.31 ± 0.06 1.25 ± 0.06 b 1.19 ± 0.07 ----------- ----------- ----------- 

PD + 
PEG 

1.31 ± 0.05 1.25 ± 0.05 b 1.17 ± 0.04 a 1.15 ± 0.05 a 1.15 ± 0.07 a 1.12 ± 0.09 a 

AICAR 1.32 ± 0.04 1.23 ± 0.05 b 1.21 ± 0.07 ----------- ----------- ----------- 

AICAR+ 
PEG 

1.32 ± 0.05 1.23 ± 0.06 b 1.16 ± 0.09 1.11 ± 0.12 a 1.09 ± 0.08 a 1.03 ± 0.09 a 

Hemato
crit 

(%HCT) 

Saline 
45.75 
±5.57 

36.13 ± 4.52 

b 
37.38 ± 4.63 42.80 ± 3.19 a ----------- ----------- 

PEG 
45.00 ± 

2.27 
34.75 ± 1.83 

b 
24.38 ± 2.50 ac 

24.00 ± 2.14 

ac 
25.00 ± 1.93 a 26.13 ± 3.18 a 

PD 
43.75 ± 

2.43 
33.63 ± 1.06 

b 
36.25 ± 2.87 ----------- ----------- ----------- 

PD + 
PEG 

44.50 ± 
2.27 

34.38 ± 2.62 

b 
24.75 ± 1.83 ac 

24.00 ± 1.51 

ac 
24.13 ± 1.36 a 24.88 ± 2.10 a 

AICAR 
46.00 ± 

2.14 
37.25 ± 2.12 

b 
40.29 ± 3.04 ----------- ----------- ----------- 

AICAR+ 
PEG 

45.50 ± 
2.83 

35.63 ± 3.50 

b 
26.63 ± 2.45 ac 

28.00 ± 2.67 

ac 
27.67 ± 1.86 a 27.00 ± 2.16 a 

Hemogl
obin 

(g/dL) 
 

Saline 15.56 
±1.88 

12.26 ± 1.54 

b 
12.70 ± 1.59 14.56 ± 1.09 a ----------- ----------- 

PEG 
15.29 ± 

0.78 
11.81 ± 0.61 

b 
8.28 ± 0.85 ac 8.16 ± 0.73 ac 8.50 ± 0.65 a 8.88 ± 1.09 a 

PD 
14.88 ± 

0.82 
11.44 ± 0.37 

b 
12.33 ± 0.96 ----------- ----------- ----------- 
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PD + 
PEG 

15.13 ± 
0.78 

11.69 ± 0.87 

b 
8.41 ± 0.63 ac 8.15 ± 0.50 ac 8.19 ± 0.45 a 8.46 ± 0.72 a 

AICAR 
15.64 ± 

0.73 
12.66 ± 0.71 

b 
13.71 ± 1.04 ----------- ----------- ----------- 

AICAR+ 
PEG 

15.48 ± 
0.98 

12.13 ± 1.19 

b 
9.06 ± 0.82 ac 9.51 ± 0.92 ac 9.42 ± 0.63 a 9.20 ± 0.73 a 

Data are depicted as mean ± SE. Started with n = 8 for each group. Data are not shown if n < 3 due to mortality. 
The survived animal numbers at each time point following hemorrhage and injections are shown in Figure 1. (a, 
P < 0.05 vs. 45min; b, P < 0.01 vs. Bas; c, P < 0.05 vs. saline). . 

Hemorrhagic shock (at t = 45 min) similarly decreased RBF and renal DO2 in all groups (Figure 
3). Saline, PD or AICAR alone failed to further affect RBF or renal DO2. Compared with pretreatment 
levels (45 min) and with saline, PEG, PD+PEG, and AICAR+PEG rapidly and similarly increased RBF 
(P ≤0.04 vs. saline at t = 50 min, P ≤ 0.003 vs. saline from t = 55 min to t=105 min). Renal DO2 for PEG, 
PD+PEG, and AICAR+PEG were also increased compared to saline (P < 0.001 at t = 75 min and 105 
min). GFR was improved following PEG, PD+PEG, or AICAR+PEG treatment (P < 0.001 vs saline); 
neither PD nor AICAR alone affected GFR (Figure 3C).  

 
Figure 3. Renal blood flow (RBF, Panel A), renal oxygen delivery (Panel B) and GFR (Panel C) in saline, PEG, 
PD, PD+PEG, AICAR, and AICAR+PEG groups. Data are depicted as mean ± SE. Data are not shown if n < 3. 
(Panel A: * P ≤ 0.04 vs. saline, # P < 0.04 vs. t = 45 min; Panel B: * P < 0.01 vs. saline for PEG, PD+PEG, and 
AICAR+PEG, # P < 0.01 vs. t = 45 min for PEG, PD+PEG, and AICAR+PEG; & P < 0.01 vs. t = 45 min for PEG and 
PD+PEG PEG; Panel C: * P < 0.01 vs. saline; Polyethylene glycol-20K; PD, Polydatin; AICAR, 5-aminoimidazole-
4-carboxamide 1-β-D-ribonucleoside). . 

There was little to no urine collected in saline, PD, and AICAR groups following hemorrhage, 
urinary flow and sodium or potassium excretion/filtration were therefore only compared among 
PEG, PD+PEG, and AICAR+PEG groups (Supplemental Table S1). Across the 2 hr observation period, 
no differences were observed among groups in urinary flow (P = 0.68) or filtered sodium (P = 0.411) 
and potassium levels (P = 0.95). Compared to PEG, AICAR+PEG did not change sodium (PEG: 27.8 ± 
7.0 nM/min; AICAR+PEG: 67.4 ± 11.6 nM/min; P = 0.60) or potassium excretion (PEG: 350.3 ± 131.9 
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nM/min; AICAR+PEG: 200.0 ± 39.3 nM/min; P = 0.56). However, PD+PEG enhanced sodium excretion 
(PD+PEG: 169.3 ± 34.4 nM/min; P = 0.005 vs. PEG, P = 0.03 vs. AICAR+PEG) and potassium excretion 
(PD+PEG: 723.2 ± 95.2 nM/min; P = 0.03 vs. PEG, P =0.002 vs. AICAR+PEG).  

Complex II and complex IV initiated OCR were both impaired in the hemorrhage (saline) group 
compared to non-hemorrhaged group (supplemental Figure 2, an additional 6 non-hemorrhaged 
animals were used as sham control). Compared with saline, PD, AICAR, or PEG alone did not affect 
complex II (P ≥ 0.16) or IV-mediated OCR (P ≥ 0.27) (Figure 4). Compared to saline, both PD+PEG 
and AICAR+PEG improved complex II (P ≤ 0.01) and complex IV-induced OCR (P ≤ 0.007). Compared 
with PD, PD+PEG improved OCR of both complexes (P<0.001). Compared with AICAR, AICAR+PEG 
increased OCR of both complexes (P≤0.03) as well. Compared to PEG, AICAR + PEG increased (P ≤ 
0.03) OCR of both complexes, but PD+PEG did not (P > 0.54). 

 

Figure 4. Complexes II (Panel A) and IV (Panel B) dependent respiratory capacity in saline, PEG, PD, PD+PEG, 
AICAR, and AICAR+PEG groups (n=8 for each group. *P ≤ 0.01 vs. saline, PD, and AICAR; # P ≤ 0.03 AICAR+ 
PEG vs. PEG; PEG, Polyethylene glycol-20K; PD, Polydatin; AICAR, 5-aminoimidazole-4-carboxamide 1-β-D-
ribonucleoside; OCR, oxygen consumption rate). 

In the saline group, the first fatality occurred at t = 75 min with 100% mortality observed by t=120 
min (Figure 5; PD and AICAR survival data are presented separately as curves overlapped). PEG 
significantly increased survival with only 1 of 8 rats dying at t=148 min (P = 0.003). Neither PD (P = 
0.98) nor AICAR (P = 0.86) alone altered the survival probability compared to saline. None of the 
animals receiving PD+PEG died (P < 0.001 vs saline). However, AICAR+PEG did not improve 
survival compared with saline (P = 0.07).  
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Figure 5. Panel A: Probability of survival in saline, PEG, PD, and PD+PEG groups. Significant differences 
occurred for PEG or PD+PEG vs. saline (*P < 0.001). Panel B: Probability of survival in saline, PEG, AICAR and 
AICAR+PEG groups (P = 0.07 AICAR+PEG vs. Saline). The surviving animal numbers at each time point 
following hemorrhage and injections are shown in the Table. 

4. Discussion 

There are two major findings in this study. First, without resuscitation, neither PD nor AICAR 
showed any effects following hemorrhagic shock. Second, specific effects of PD or AICAR on 
mitochondrial and/or metabolic activity were not observed until co-administration of PEG, which 
improved blood flow and thereby increased drug delivery to ischemic tissues.  

 Impaired renal mitochondrial OCR with acute kidney injury and 100% mortality were observed 
in the saline group within 2 hours of hemorrhagic shock. Hypoxia can rapidly suppress electron 
transport chain function, dehydrogenase enzymes, and ATP generation [26]. Without resuscitation, 
persistent hypoxia during shock causes electron leak, redox imbalance, and impaired membrane 
potential, which eventually cause apoptosis and organ injury [27,28]. For instance, hemorrhagic 
shock for 45 minutes impaired mitochondrial oxygen consumption, Krebs cycle activity, and ATP 
production in fresh splenocytes [29]. A full resuscitation that had been delayed for 45 minutes failed 
to restore mitochondrial function [29], suggesting that early treatment for mitochondrial protection 
is important when resuscitation is unavailable. In fact, when compared with injured patients whose 
mitochondrial function is preserved, similarly injured patients exhibiting mitochondrial damage 
were more prone to organ failure [30,31].  

Due to their beneficial effects on mitochondrial function and biogenesis [10,11], PD and AICAR 
have been applied as adjuncts to resuscitation following hemorrhagic shock, which preserved 
mitochondrial function and alleviated reperfusion injury [12–15]. Notably, a potential challenge to 
early treatment without full resuscitation is impaired drug delivery and distribution. In our study, 
neither PD nor AICAR without resuscitative fluid improved mitochondrial function unless PEG was 
co-administered to elicit an increase in tissue perfusion. Note that the temporary increase in RBF 
induced by PEG alone failed to improve renal mitochondrial function. Therefore, sustained ischemia 
impedes not only blood and oxygen delivery to tissues but also delivery of therapeutic compounds 
such as antishock candidate drugs, antibiotics, and analgesics, thereby decreasing their efficacy. Low 
volume of PEG may therefore be essential to ensure full therapeutic effects of treatments that are 
given in resource-limited environments lacking the ability for full resuscitation.  
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Suppressing mitochondrial respiration is a critical approach to decrease hypoxia-induced cell 
death and increase tissue tolerance to prolonged hypoxia [32]. PD can decrease mitochondrial oxygen 
consumption by inhibiting F0F1-ATPase/ATP synthase [33,34], which may re-establish oxygenation 
balance (oxygen delivery vs. oxygen consumption), alleviate hypoxia-induced electron leaks and 
succinate accumulation, and thus preserve mitochondrial function upon resuscitation [12,13,35]. In 
the current study, the mitochondrial protecting effect of PD was revealed but only with PEG to 
temporarily increase renal perfusion. Kidney tubules have high mitochondrial density [36] with 
function intimately related to regulation of sodium and potassium reabsorption [37]. The inhibitory 
effect of PD+PEG on mitochondrial activity was echoed by the markedly inhibited sodium and 
potassium reabsorption.  

Mitochondrial function was also improved in the AICAR+PEG group while sodium and 
potassium uptakes were not affected, suggesting that mechanisms other than mitochondrial 
inhibition of reabsorption play a major role. For example, succinate accumulation at complex II 
during prolonged hypoxia contributes to increased mitochondrial reactive oxygen species and injury 
[38]. AICAR can alleviate succinate accumulation by inhibiting the purine nucleotide cycle [39]. 
Additionally, AICAR directly enhances mitochondrial biogenesis and capacity [10] and elicits anti-
inflammatory and antioxidant properties that can indirectly improve mitochondrial function [40]. 
However, our data suggest that the protective effect of AICAR on mitochondria depends on sufficient 
tissue perfusion/delivery. 

AICAR is also known as an activator of adenosine monophosphate protein kinase (AMPK) and 
may stimulate ATP generation in response to decreased ATP/ADP or ATP/AMP ratio [41]. Moreover, 
AICAR can directly accelerate fatty acid transport into mitochondria [41,42]. Therefore, it was 
proposed that AICAR may slow ATP depletion due to lipid oxidation, despite impaired insulin 
signaling during traumatic shock [43,44]. In fact, we found that free fatty acid levels were significantly 
decreased 30 minutes after the AICAR treatment (Supplemental Figure S1). Again, such an effect was 
only detected when AICAR was combined with PEG.  

Our data do not support an AICAR-induced improvement in oxygenation balance under shock 
conditions as PD does. While PD+PEG markedly reduced oxygen debt (lactate levels, Table 1), 
AICAR+PEG failed to elicit the same beneficial effects despite the similarly improved MAP, RBF, and 
renal oxygen delivery. It is possible that AICAR-stimulated lipid oxidation might elevate oxygen 
consumption and thus exacerbate global hypoxia during shock, as indicated by increased lactate and 
mortality in the AICAR+PEG group. Huang et al. also showed that acute AICAR treatment during 
hemorrhagic shock increased lactate accumulation in rabbits [45]. Notably, without resuscitation, 
enhanced fuel consumption induced by AICAR is likely limited to vital organs due to peripheral 
tissue ischemia. However, if PEG enhances AICAR delivery to peripheral tissues, a global increase in 
oxygen consumption may occur, which may instead exacerbate hypoxia (in vital organs) and the risk 
of mortality.  

PD+PEG and AICAR+PEG did not cause additional improvements in GFR over that produced 
by PEG alone because the AKI in our model is primarily “prerenal” and the GFR could be fully 
recovered by restoring MAP with resuscitation [24]. The suppressed renal mitochondrial function 
present in our model was likely associated with ischemia-induced cell stunning instead of cell 
apoptosis that can cause intrarenal injury and a further decrease in GFR [46]. Creatinine and BUN 
levels were only slightly decreased despite the markedly improved GFR, as the clearance rate of 
creatinine and BUN (up to several hours) is too slow to reflect the effect of acute treatments on renal 
function. The elimination half-life of FITC-sinistrin, however, can be less than 20 minutes [16], making 
it a more accurate and dynamic technique to assess renal function. Notably, renal oxygen delivery 
was markedly increased in PEG or PEG cocktail groups despite the further decreased Hb levels. 
While decades of work on therapeutic interventions for hemorrhagic shock have focused on 
improving oxygen carrying ability, our results again suggest that future research targeting 
pharmacological-based improvements in tissue perfusion and oxygenation balance might be more 
productive. 
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5. Limitations 

We didn’t collect blood samples from these groups for the measurement of fatty acid levels. 
Nevertheless, the stimulating effect of AICAR+PEG on metabolism may also be echoed by the 
increased lactate levels despite improved hemodynamics.  

6. Conclusion, Perspective, and Future Studies 

Early treatment applied under shock conditions without sufficient resuscitation resulted in less-
than-optimal effects due to reduced delivery of the therapeutic to ischemic tissues. This finding 
warrants renewed research efforts as it may have a profound impact for clinical practice. This study 
presents a strategy to enhance delivery by adding PEG as an adjunct to treatments given under shock 
conditions, which may be an essential step to ensure therapeutic effects during tissue ischemia. Our 
data also suggest that early anti-shock treatment should focus on the balance between hemodynamic 
support and metabolism/oxygenation requirements. Further work is needed to understand the effects 
of PD+PEG cocktail on metabolism and oxygen homeostasis and any impact on coagulation function 
following hemorrhagic shock of longer duration.  

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. 
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