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A new intracellular flush solution improves 
renal transplant preservation 
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• A new renal preservation flush solution (PB-2) has been developed to minimize the ischemic injury 
processes that occur during hypothermic storage and reperfusion and that can decrease renal viability 
and survival. Development of the new formulation took into account the intracellular and biological 
interactions that occur pre- and post-transplantation. PB-2 was compared with the conventional 
standardized Collins-2 flush solution in the preservation of autografts in dogs and was found to provide 
significantly improved renal recovery, viability, and survival. Studies to test the new solution in human 
renal allograft transplant preservation are planned. 
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K IDNEY transplantation is now almost a 
routine. Both related-donor and cadaveric 
transplants are performed at a rate limited only 
by the donor supply. 

Much of the current literature on transplantation con-
cerns immunosuppression after the transplant is performed. 
With such powerful agents as cyclosporine and OKT3 
available, some centers advocate performing only 
cadaveric transplants. Because the time between harvesting 
the kidney and transplantation is often (necessarily) 
prolonged, the methods of kidney preservation during this 
time have an important role in the transplantation process. 

The accompanying article by Breton and Novick, part of 
the "Bench to Bedside" series, describes a new perfusion 
solution that could improve survival of the renal allograft. 
Based on knowledge of the intracellular processes that occur 
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during storage and reperfusion, the authors created a soiu-
tion that effectively preserves cellular, and thus total renal, 
function. — B.H.B. 

The preservation of kidneys between harvest and 
transplantation involves simple cold storage with stand-
ardized flush solutions. Significant acute tubular necrosis 
can occur after 24 hours, which is the mean storage time 
documented at the Cleveland Clinic. Intracellular 
molecular processes that occur during the storage and 
reperfusion periods may be either beneficial or detrimen-
tal to renal viability. Recent research has improved our 
understanding of these processes and given us rationales 
for manipulating the components of the standard cold 
renal preservation flush solution. The result is a new 
solution that will be evaluated in clinical trials. 

Since the beginning of the cyclosporin A (CSA) era 
in renal transplantation, organ preservation has been 
an important issue. With the use of CSA, a synergistic 
nephrotoxic effect has been noted prior to transplanta-
tion when a donor kidney sustains a significant is-
chemic insult, such as prolonged preservation.1-3 There 
is increasing evidence that moderate ischemic injury 
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may predispose the renal allograft to severe rejection 
and diminished survival.1,4"6 Preservation is even more 
important for nonrenal organs, such as the pancreas, 
liver, and heart. As with kidneys, improved methods of 
organ preservation would facilitate both regional and 
national organ transplant. 

The intracellular mechanisms that are integral to 
successful organ preservation (Figures 1 and 2)6 have 
been identified through the use of such research tools as 
phosphorus 31 magnetic resonance spectroscopy (31P-
MRS),7"9 electron microscopy,7,10 and high-performance 
liquid chromatography (HPLC).11,12 Studies have indi-
cated that organ preservation methods are important 
during cold storage and during the immediate post-
transplant reperfusion period.13,14 It is postulated that 
preventable and reversible injury occurs at the intracel-
lular metabolic level at these time periods (Figures 1 
and 2). Since the composition of renal preservation 
flushing solutions may alleviate or prevent cellular in-
jury during the reperfusion period, the development of 
new, improved solutions is warranted. 

M A N E U V E R S F O R P R E S E R V A T I O N 

To understand the rationales for renal preservation 
techniques, we must examine specific cellular events 
that occur during organ harvest warm ischemia and 
subsequent hypothermic storage and reperfusion. Four 
basic maneuvers are employed in renal preservation to 
counteract specific cellular pathologic processes: (1) 
hypothermia, (2) intracellular flush solutions, (3) 
preservation of intracellular high energy metabolites, 
and (4) use of free radical scavengers (FRS) . 

Hypothermia ( 4 ° C ) during the ex situ period slows 
metabolic activity by a factor of 10 to 20 and greatly 
diminishes loss of energy stores and damage from lack 
of oxygen and blood flow. Cellular swelling occurs 
during this period because the sodium, potassium, and 
calcium pumps of the cell membrane shut down at 
4°C. T h e intracellular environment consists of high 
concentrations of potassium, phosphate, and protein 
compared to the extracellular space; to counteract the 
tendency for water to enter the cells, solutions with 
high potassium and phosphate levels and high os-
molality (intracellular components) are used to flush 
and store organs during the hypothermic period. 

Endothelial cell damage is a primary ischemic injury 
that occurs after revascularization. Additives such as 
adenosine and FRS may diminish this damage. 

During cold ischemia (Figure 2), adenosine triphos-
phate (ATP) is degraded to hypoxanthine. Both hypo-
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F I G U R E 1. Mechanism of renal reperfusion injury after 
transplant revascularization. 0 2 - , superoxide; O H - , hydroxyl 
ion; X D , xanthine dehydrogenase; X O , xanthine oxidase; 
S O D , superoxide dismutase; C A T , catalase (from B r e t a n 6 ) . 

thennia and adenosine can slow this process. In addi-
tion, xanthine dehydrogenase ( X D ) is converted to 
xanthine oxidase (XO). X O in turn degrades hypoxan-
thine to xanthine, which is coupled to superoxide ( 0 2 - ) 
generation. 

Allopurinol can inhibit X O , thus diminishing O z -
generation. In the presence of a sudden introduction of 
0 2 after significant hypoxanthine degradation, as is 
seen during reperfusion of transplant organs, the nor-
mally abundant free radical scavengers, such as super-
oxide dismutase ( S O D ) and catalase (CAT) , are func-
tionally depleted and 0 2 - accumulates. Once enough 
02— is generated (Figures I and 2) , a series of reactions 
can lead to hydroxyl ion ( O H - ) generation. 

Both 02— and O H - can cause lipid peroxidation and 
directly damage membranes of the vascular endothelial 
cells comprising the lining of the vasa rectae and 
peritubular capillaries in the kidney, ultimately causing 
small vessel thromboses. This can lead to secondary 
ischemic damage to renal tubular and parenchymal 
cells. Thus, the primary injury is not a whole organ 
injury, but an endothelial injury which occurs at the 
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F I G U R E 2. Proposed metabolic pathways involved in renal transplant preservation. O z - , superoxide; O H - , hydroxyl ion; SOD, 
superoxide dismutate; CAT, catalase; DMSO, dimethyl sulfoxide (from Bretan6). 

time of reperfusion. 
O H - is much more toxic than 0 2 - ; however, O H -

can be deactivated by CAT, mannitol,15 dimethyl sul-
foxide, and L-methionine. Further cell membrane 
damage is triggered by activation of calcium-dependent 
phospholipase (Figure 2), which can be blocked by cal-
cium entry blockers, calmodulin inhibitors, or 
chlorpromazine. 

Collins solution (Collins-2) is an intracellular cold 
flush preservative, high in potassium and phosphate 
(Table I). It has been used as the standard for simple 
hypothermic storage of kidneys for clinical transplan-
tation for the past 20 years. We modified its composi-
tion based on an understanding of the processes just 
discussed and on the following rationales. 

RATIONALES FOR THE COMPOSITION OF PB-2 

Development of the new organ preservation solu-
tion (PB-2) has taken into account many intracellular 
and biochemical interactions. PB-2 flush solution 
(Table 1 ) was specifically designed to minimize both 

ischemic injury processes (catabolic and reperfusion), 
and the consequences of such injury. 

In the PB-2 solution, mannitol has been substituted 
for glucose in the Collins-2 solution. Mannitol has mul-
tiple modes of action for renal preservation. For ex-
ample, it is an effective FRS for OH-, 1 5 a detoxifier,16 

and an indispensable constituent of intraoperative 
hydration protocols for the prevention of acute renal 
failure after renal cadaveric transplantation.17 O n the 
other hand, glucose, which is currently used for its 
hyperosmolar effect in Collins-2 flush solution, has 
been shown to exacerbate acute renal ischemic damage 
in dogs.18 

Adenosine19,20 and magnesium21,22 were added to PB-
2 solution because they have been shown to improve 
the postreperfusion microcirculation and to enhance 
adenine nucleotide generation. Magnesium also ex-
hibits a vasodilator effect and acts as a metabolic in-
hibitor,21 helping to conserve intracellular energy 
stores during cold storage. 

T h e overall composition of PB-2 (Table 1) differs 
from the Collins-2, Belzer Perfusate, and UW-1 flush 
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solutions. Good results with UW-1 solution have 
recently been reported23,24; however, significant im-
provement in renal preservation has not been clinical-
ly demonstrated. A direct comparison of UW-1 with 
PB-2 has not been done. 

Sacks-2 flush solution which, like PB-2, contains 
mannitol, has an intracellular ionic composition and 
concentration, and is hyperosmolar.25 The hyperos-
molarity of the Sacks-2 solution (410 mOsm/kg to 430 
mOsm/kg) may greatly increase the tendency of man-
nitol and magnesium phosphate to precipitate out of 
the solution within the kidney during cold storage21; 
this would cause direct renal injury. 

Compared with Collins-2 solution,21,26 Sacks-2 solu-
tion shows inferior preservation and failure to ade-
quately achieve 48 hours of safe preservation.27 This 
inadequacy of preservation may be due to the lack of 
adenosine in Sacks-2 and to inferior buffering 
capacities as reflected by its greater acidity (pH, 7.0). 

In formulating PB-2, adenosine was added and 
acidity was lowered (pH, 7.25). The salutary features of 
Sacks-2 solution are probably related to its "flush solu-
tion effect." 

PRELIMINARY RESULTS WITH PB-2 SOLUTION 

Ten canine renal autotransplants, preserved using 
PB-2 flush solution, were compared with 10 preserved 
using conventional Collins-2 solution. After 50 hours of 
cold storage, overall improvement in renal recovery and 
viability were measured by recipient post-transplant in-
ulin clearance and survival. The measures were sig-
nificantly greater with PB-2 than with Collins-2. 

At 1 week post-transplant, mean serum creatinines 
were 2.88 mg/dL for the PB-2 group and 12.18 mg/dL 
for the Collins-2 group. This paralleled the post-
transplant inulin clearance of 42.9 ± 33.8 mL/min for 
PB-2 v 14.6 ± 16.0 mL/min for Collins-2 (P < 0.001). 
Survival at 1 week post-transplant was also significant-
ly greater (P < 0.01) for the PB-2 group (80%) than for 
the Collins-2 group (30%). In this study, charac-
terization of PB-2 solution's cellular preservation 

TABLE 1 
COMPOSITION OF INTRACELLULAR RENAL FLUSH 
SOLUTIONS (g/L) 

PB-2 Collins-2 Sacks-2 Beizer UW-1 
flush flush flush perfusate flush 

KH2PO4 2.05 2.05 4.16 3.4 3.4 
K 2 HP0 4 3H 2 0 9.70 9.70 9.70 — — 

KC1 1.12 1.12 — — — 

KHC0 3 — — 2.30 — — 

Mannitol 25.0 — 37.5 — — 

Glucose — 25 — 1.5 — 

MgS0 4 7H 2 0 3.70 7.38 — 8 1.2 
MgCl2 — — (2 mEq/mL) — — 

Adenosine 1.0 — — 1.3 1.34 
Sodium glutathione — — — 17.5 0.92 
Albumin — — — 5.3 — 

NaHC0 3 0.84 0.84 1.26 — — 

Allopurinol — — — 0.113 0.113 

K+-Lactobionate — — — — 39.8 
Raffinose — — — — 17.8 
Hydroxyethyl starch — — — — 50 
Osmolality 

(mOsm/kg) 340 320 430 300 320-330 

pH 7.25 7.00 7.00 7.10 7.40 

mechanisms by HPLC, 31P-MRS, and electron micros-
copy studies indicate that this solution enhances renal 
preservation both by diminution of reperfiision injury 
and by maintenance of intracellular high energy meta-
bolites that are necessary for viability.28 

These studies indicate that organ preservation can 
be improved if researchers are guided by an under-
standing of specific cellular interactions that occur 
before and after transplantation. Studies are necessary 
to verify that the results demonstrated in animals are 
applicable for clinical renal transplantation. Trials 
using PB-2 for human transplant preservation are 
being planned. Our findings support the hypothesis 
that a significant improvement in outcome of renal 
transplants can occur with the use of an improved cold 
storage solution. 

REFERENCES 

1. Opelz G. Multicenter impact of cyclosporine on cadaver kidney graft 
survival. Prog Allergy 1986; 38 :329-345. 

2. Novick AC, Ho-Hsieh H, Steinmuller D, Streem SB, et al. Detrimen-
tal effect of cyclosporine on initial function of cadaver renal allograft 
following extended preservation: Results of a randomized prospective 
study. Transplantation 1986; 42:154. 

3. Erturk E, Bretan PM, Pestana J, et al. The relative effects of aztreonam 
v gentamicin on nephrotoxicity induced by warm ischemia in the 
presence and absence of cyclosporine. Transplant Proc 1989; 21 :932-
935. 

4. Keller H, Fisher G, Kirste G, Wilms H. ATN influence on renal 
transplant function. Transplant Proc 1989; 21:1282. 

5. Maessen JG, Greve J, Buurman WA, et al. Sensitivity of ischemically 
damaged kidney to inflammatory reactions. Transplant Proc 1989; 
21:1261. 

JANUARY • FEBRUARY 1991 CLEVELAND CLINIC JOURNAL OF MEDICINE 37 

 on April 25, 2024. For personal use only. All other uses require permission.www.ccjm.orgDownloaded from 

http://www.ccjm.org/


RENAL TRANSPLANT • BRETAN AND NOVICK 

6. Bretan PM. Extracorporeal renal preservation. In: Novick AC, ed. 
Stewart's Textbook of Operative Urology. Baltimore: Williams & 
Wilkins; 1989. 

7. Bretan PM, Vigneron DG, James TL, et al. Assessment of renal 
viability by phosphorus 31 magnetic resonance spectroscopy. ] Urol 
1986; 135 :866-871. 

8. Bretan PN, Vigneron DB, Hricak H, Juenemann KP, Tanagho EA, 
James TL. Assessment of renal preservation by 31P-MRS: in vivo 
normothermic blood perfusion. J Urol 1986; 136 :1356-1359. 

9. Bretan PN Jr, Vigneron DB, Hricak H, et al. Assessment of clinical 
renal preservation by phosphorus 31 magnetic resonance spectros-
copy. J Urol 1987; 137 :146. 

10. Neil D, Pollock GA, Molyneux GS, Hardie SR. Vascular changes 
following hypothermic perfusion. Transplant Proc 1989; 21:1389. 

11. MaessenJG, van der Vusse GJ, VorkM, et al. Determination of warm 
ischemia at donor nephrectomy. Transplantation 1988; 45:147-152. 

12. Wynants J, Van Belle H. Single-run high-performance liquid 
chromatography of nucleotides, nucleosides, and major purine bases 
and its application to different tissue extracts. Anal Biochem 1985; 
144:258-266. 

13. Hoshino T, Maley WR, Bulkley GB, Williams GM. Ablation of free 
radical-mediated reperfusion injury for the salvage of kidneys taken 
from non-heart beating donors—a quantitative evaluation of the 
proportion of injury caused by reperfusion following periods of warm, 
cold, and combined ischemia. Transplantation 1988; 45:284-289. 

14. Koyama I, Bulkley GB, Williams GM, Im MJ. The role of oxygen free 
radicals in mediating the reperfusion injury of cold-preserved is-
chemic kidneys. Transplantation 1985; 40:590-595. 

15. Pavlock GS, Southard JH, Lutz M, et al. Effects of mannitol and 
chlorpromazine pretreatment of rabbits on kidney mitochondria fol-
lowing in vivo ischemia and reflow. Life Sei 1981; 29:2667-2672. 

16. Palafox HA, Luis GJ, Alexander Z, et al. Successful treatment of 
ciguatera fish poisoning with intravenous mannitol. JAMA 1988; 
259 :2740-2742. 

17. Valenberg PL, Hoitsma AJ, Tiggeler RG, et al. Mannitol as an indis-
pensable constituent of an intraoperative hydration protocol for the 
prevention of acute renal failure after renal cadaveric transplantation. 
Transplantation 1987; 44:784-788. 

18. Moursi M, Rising CL, Zelenock, GB, D'Alecy LG. Dextrose ad-
ministration exacerbates acute renal ischemic damage in anesthetized 
dogs. Arch Surg 1987; 122:790-794. 

19. Stromski ME, Cooper K, Thulin G, et al. Post-ischemic ATP-MgCl2 

provides precursors for resynthesis of cellular ATP in rats. Am J 
Physiol 1986; 250:F834-F837. 

20. Beizer FO, Sollinger HW, Glass HR, et al. Beneficial effects of 
adenosine and phosphate in kidney preservation. Transplantation 
1982; 36 :633. 

21. Collins GM. Current status of renal preservation by simple flushing 
and hypothermic storage. In: Marberger M, Dreikorn K, eds. Renal 
preservation. Baltimore: Williams & Wilkins; 1983:224-236. 

22. Collins GM, Halasz HA. 48-hour ice storage of kidneys—importance 
of cation content. Surgery 1976; 79:432-435. 

23. Wahlberg JA, Love R, Landegaard L, et al. 72-hour preservation of 
the canine pancreas. Transplantation 1987; 43 :5-8 . 

24- Ploeg RJ, Goossens D, Vreugdenhil P, McAnulty JF, et al. Successful 
72-hour storage of dog kidneys with UW solution. Transplant Proc 
1988; 20(Suppl I):935. 

25. Sacks SA, Petritsch PH, Kaufman JJ. Canine kidney preservation 
using a new perfusate. Lancet 1973; 1:1024-1028. 

26. Dahlager JI, Bilde T. The integrity of tubular cell function after 
preservation in Collins or Sacks solution. Transplantation 1976; 
21 :365-369. 

27. Chatterjee SH, Berne TV. Failure of 48 hours of cold storage of canine 
kidneys using Sacks solution. Transplantation 1975; 19 :441-442. 

28. Bretan PN, Baldwin H, Martinez A, et al. Improved renal transplant 
preservation using a modified intracellular flush solution (PB-2): 
characterization of mechanism by renal clearance, HPLC, 31P-MRS 
and EM Studies. J Urol 1989; 141 :312A. 

56 CLEVELAND CLINIC JOURNAL OF MEDICINE VOLUME 38 NUMBER 1 

 on April 25, 2024. For personal use only. All other uses require permission.www.ccjm.orgDownloaded from 

http://www.ccjm.org/

