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Ischemia and ischemia–reperfusion-induced injury
This process is orchestrated by the activation of the 

nuclear factor κ-light-chain-enhancer of activated B-cell 
(NF-kB) receptors. Elevated levels of TNF-α can result 
in a dramatic increase in myeloperoxidase (MPO) 
activity. Studies have shown that this results in a decrease 
in superoxide dismutase (SOD) and catalase (CAT) 
enzymes, accompanied by an elevation  in glutathione 
levels, ultimately causing cell damage through oxidative 
stress. It has also been shown that an increase in the level 
of spermidine/spermine N1-acetyltransferase (SSAT), a 
limiting factor in polyamine metabolism, is responsible 
for the production of reactive oxygen species during 
ischemia (ROS). ROS produced in this pathway adds 
up to those caused by the reperfusion itself. In addition, 
ARF specifically increases the levels of IL-6 and IL-10 
in the liver. These cytokines are related to liver cirrhosis 
and hepatocellular carcinoma development (1). Park 
and colleagues used a murine model of ARF using 
renal ischemia-reperfusion or bilateral nephrectomy 
to examine the intestinal sources of pro-inflammatory 
mediators in ARF patients. They showed that ARF 
stimulates the synthesis and secretion IL-17A by Paneth 

cells and triggers hepatic damage through hepatic and 
systemic production of IL-17A by macrophages. These 
events increase bilirubin and alanine transaminase (ALT), 
as well as, hepatic cell apoptosis and vascular permeability 
(2). Another study showed that ischemia-reperfusion 
kidney injury leads to vascular crowding and liver 
necrosis, resulting in liver inflammation and injury. It is 
accompanied by elevated serum levels of ALT, aspartate 
transaminase, lactate dehydrogenase, and bilirubin 
(3). Current treatments for renal ischemia-reperfusion 
injury involve antioxidants and anti-inflammatory 
agents. The recent study investigates the connection 
between Xanthine oxidase (XO) and PPAR-γ pathways 
in ischemia-reperfusion injury. The results showed that 
the XO inhibitor allopurinol (ALP) protects the kidney 
and liver by activating PPAR-γ. Rats with ischemia-
reperfusion injury treated with ALP exhibited improved 
kidney and liver function, reduced inflammation, and 
nitrosative stress. However, when PPAR-γ was inhibited 
alongside ALP, the beneficial effects were diminished. 
This suggests that enhancing PPAR-γ through ALP could 
be a valuable therapeutic approach to prevent ischemia-
reperfusion injury (4).
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Table S1: Exploring the impact of acute kidney injury on hepatic function and inflammatory response: experimental studies

Related hepatic 
disease

Related kidney 
disease

Important findings Animal model Ref.

Systemic 
inflammation

AKI (IRI) IRI and bilateral nephrectomy increased ALT and bilirubin, hepatic 
cytokines, peri-portal hepatocyte vacuolization, vascular permeability, 
apoptosis, necrosis and neutrophil infiltration.

Mouse (5) 

Hepatic oxidative 
stress and 
inflammation

AKI (IRI) IRI provoked elevated  activities of transaminases, hepatic stress 
and inflammation including MDH, MPO, catalase, XO, NO high; 
treatment with melatonin reduced these factors.

Rat (6)

Hepatic oxidative 
stress and 
inflammation

AKI (IRI) IRI and bilateral nephrectomy caused early liver inflammation, 
increased cell death, and oxidative stress. Antioxidant levels dropped, 
and TNF-α levels rose in the liver and serum. Infusing glutathione 
before IRI/ bilateral nephrectomy helped reduce liver damage

Rat (7)

 

Hepatic oxidative 
stress and 
inflammation

AKI (IRI) ALP, an XO inhibitor, protects the kidney and liver during IRI by 
activating the PPAR-γ pathway. Rats treated with ALP exhibited 
improved organ function, reduced inflammation, and nitrosative stress.

Rat (4)

IRI; Ischaemia–reperfusion injury, AKI; Acute kidney injury, ALT; Alanine aminotransferase, MDH; Malondialdehyde, MPO; Myeloperoxidase, XO; Xanthine 
oxidase, NO; Nitric oxide, and ALP; Allopurinol.

Table S2: The randomized controlled clinical trials of vasoactive drugs for treatment of hepatorenal syndrome

Drug Mechanism Outcome References

Terlipressin Splanchnic vasoconstrictor Increasing renal function and urinary output, 
improving survival ACLF

 (8)

Terlipressin vs. placebo/control Splanchnic vasoconstrictor improving renal functions, HRS reversal, 
improved survival rate

(9-15)

Terlipressin vs. norepinephrine Splanchnic vasoconstrictor+systemic 
vasoconstrictor

 HRS reversal, decreasing serum creatinine and 
increase in urinary output

(16-19)

Dopamine plus furosemide vs. 
terlipressin

Positive inotropic drugs Improving renal function, increase in urinary 
output

(20)

Midodrine plus octreotide vs. 
terlipressin

A systemic vasoconstrictors +a 
splanchnic vasodilator  

HRS reversal, improving renal function; 
improved survival

(21)

Midodrine plus octreotide vs. 
noradrenaline

Vasoconstrictors HRS reversal (22)

Norepinephrine plus albumin vs. 
midodrine and octreotide plus 
albumin

Peripheral vasoconstrictor+albumin improving renal function; improved survival (23)

Midodrine; Activation of α1 adrenergic receptors on vascular smooth muscle cells, Norepinephrine; Activation of α-1 adrenergic receptors on vascular 
smooth muscle cells, Octreotide; inhibiting secretion of glucagon, Terlipressin; Effect on 1A and 1B receptor, ACLF; Acute-on-chronic liver failure, HRS; 
Hepatorenal syndrome.

References

1.	 Heung M, Chawla LS. Predicting progression to chronic kidney dis-
ease after recovery from acute kidney injury. Curr Opin Nephrol 
Hypertens. 2012; 21(6): 628-634.

2.	 Park SW, Kim M, Kim JY, Ham A, Brown KM, Mori-Akiyama Y, et 
al. Paneth cell-mediated multiorgan dysfunction after acute kidney 
injury. J Immunol. 2012; 189(11): 5421-5433.

3.	 Lane K ,Dixon JJ ,MacPhee IA ,Philips BJ .Renohepatic crosstalk: 
does  acute  kidney  injury  cause  liver  dysfunction  ?Nephrol  Dial 
Transplant .1634-1647 :)7(28 ;2013 .

4.	 Soliman E ,Elshazly SM ,Shewaikh SM ,El-Shaarawy F .Reno -and 
hepato-protective effect of allopurinol after renal ischemia/reperfu-

sion  injury  :crosstalk  between  xanthine  oxidase  and  peroxisome 
proliferator-activated receptor gamma signaling .Food Chem Toxi-
col.113868 :178 ;2023 . 

5.	 Park SW, Chen SW, Kim M, Brown KM, Kolls JK, D’Agati VD, et 
al. Cytokines induce small intestine and liver injury after renal is-
chemia or nephrectomy. Lab Invest. 2011; 91(1): 63-84.

6.	 Fadillioglu E, Kurcer Z, Parlakpinar H, Iraz M, Gursul C. Melatonin 
treatment against remote organ injury induced by renal ischemia 
reperfusion injury in diabetes mellitus. Arch Pharm Res. 2008; 
31(6): 705-712. 

7.	 Golab F, Kadkhodaee M, Zahmatkesh M, Hedayati M, Arab H, 
Schuster R, et al. Ischemic and non-ischemic acute kidney injury 
cause hepatic damage. Kidney Int. 2009; 75(8): 783-792.



3

8.	 Kulkarni AV, Ravikumar ST, Tevethia H, Premkumar M, Kumar K, 
Sharma M, et al. Safety and efficacy of terlipressin in acute-on-
chronic liver failure with hepatorenal syndrome-acute kidney injury 
(HRS-AKI): a prospective cohort study. Sci Rep. 2022; 12(1): 5503.

9.	 Solanki P, Chawla A, Garg R, Gupta R, Jain M, Sarin SK. Benefi-
cial effects of terlipressin in hepatorenal syndrome: a prospective, 
randomized placebo-controlled clinical trial. J Gastroenterol Hepa-
tol.2003; 18(2): 152-156.

10.	 Neri S, Pulvirenti D, Malaguarnera M, Cosimo BM, Bertino G, Ig-
naccolo L, et al. Terlipressin and albumin in patients with cirrhosis 
and type I hepatorenal syndrome. Dig Dis Sci. 2008; 53(3): 830-
835.

11.	 Sanyal AJ, Boyer T, Garcia-Tsao G, Regenstein F, Rossaro L, Ap-
penrodt B, et al. A randomized, prospective, double-blind, place-
bo-controlled trial of terlipressin for type 1 hepatorenal syndrome. 
Gastroenterology. 2008; 134(5): 1360-1368.

12.	 Martín-Llahí M, Pépin MN, Guevara M, Díaz F, Torre A, Monescillo 
A, et al. Terlipressin and albumin vs albumin in patients with cirrho-
sis and hepatorenal syndrome: a randomized study. Gastroenterol-
ogy. 2008; 134(5): 1352-1359.

13.	 Sharif H, Umar M, Khaar HTB, Bhatti J, Majeed A, Ali N, et al. Simi-
lar virological responses in a cohort of chronic hepatitis c patients 
treated with standard or pegylated interferon, Rawalpindi, Paki-
stan. Am J Gastroenterol Suppl. 2012; 107: S175.

14.	 Boyer TD, Sanyal AJ, Wong F, Frederick RT, Lake JR, O’Leary JG, 
et al. Terlipressin plus albumin is more effective than albumin alone 
in improving renal function in patients with cirrhosis and hepatore-
nal syndrome type 1. Gastroenterology. 2016; 150(7): 1579-1589. 
e2. 

15.	 Wong F, Pappas SC, Curry MP, Reddy KR, Rubin RA, Porayko MK, 
et al. Terlipressin plus Albumin for the Treatment of Type 1 Hepato-
renal Syndrome. N Engl J Med. 2021; 384(9): 818-828. 

16.	 Alessandria C, Ozdogan O, Guevara M, Restuccia T, Jiménez W, 

Arroyo V, et al. MELD score and clinical type predict prognosis in 
hepatorenal syndrome: relevance to liver transplantation. Hepatol-
ogy. 2005; 41(6): 1282-1289. 

17.	 Indrabi RA, Javid G, Zargar SA, Khan BA, Yattoo GN, Shah SH, et 
al. Noradrenaline is equally effective as terlipressin in reversal of 
type 1 hepatorenal syndrome: a randomized prospective study. J 
Clin Exp Hepatol. 2013; 3: S97. 

18.	 Sharma P, Kumar A, Shrama BC, Sarin SK. An open label, pilot, 
randomized controlled trial of noradrenaline versus terlipressin in 
the treatment of type 1 hepatorenal syndrome and predictors of 
response. Am J Gastroenterol. 2008; 103(7): 1689-1697. 

19.	 Singh V, Ghosh S, Singh B, Kumar P, Sharma N, Bhalla A, et al. 
Noradrenaline vs. terlipressin in the treatment of hepatorenal syn-
drome: a randomized study. J Hepatol. 2012; 56(6): 1293-1298. 

20.	 Srivastava S, Shalimar, Vishnubhatla S, Prakash S, Sharma H, 
Thakur B, et al. Randomized controlled trial comparing the efficacy 
of terlipressin and albumin with a combination of concurrent dopa-
mine, furosemide, and albumin in hepatorenal syndrome. J Clin 
Exp Hepatol. 2015; 5(4): 276-285. 

21.	 Cavallin M, Kamath PS, Merli M, Fasolato S, Toniutto P, Salerno 
F, et al. Terlipressin plus albumin versus midodrine and octreotide 
plus albumin in the treatment of hepatorenal syndrome: a rand-
omized trial. Hepatology. 2015; 62(2): 567-574. 

22.	 Tavakkoli H, Yazdanpanah K, Mansourian M. Noradrenalin versus 
the combination of midodrine and octreotide in patients with hepa-
torenal syndrome: randomized clinical trial. Int J Prev Med. 2012; 
3(11): 764-769. 

23.	 El-Desoki Mahmoud EI, Abdelaziz DH, Abd-Elsalam S, Mansour 
NO. Norepinephrine is more effective than midodrine/octreotide in 
patients with hepatorenal syndrome-acute kidney injury: a rand-
omized controlled trial. Front Pharmacol. 2021; 12: 675948. 


	_Hlk84742047

