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ABSTRACT

Liver transplantation is often the only life-saving intervention in acute liver failure (ALF), so it is critical to identify
all ALF patients who need a transplant to survive. However, transplantable organs are scarce and recipients face
significant life-threatening risks, so it is also important to avoid transplantation when possible. Thus, prognostics
that can predict death in ALF with both high sensitivity and specificity are needed. We previously demonstrated
total lactate dehydrogenase (LDH) activity may be useful for this purpose. However, LDH is a tetramer of LDH-
M and LDH-H, and proteomics indicated only the liver enzyme — LDH-M — increases in non-survivors. LDH-H
decreased. Because total LDH comprises both, it is possible that LDH-M could have even better prognostic per-
formance. To test that, we compared total LDH and LDH-M in a subset of samples from our prior study of survi-
vors and non-survivors of acetaminophen (APAP)-induced ALF. The model for end-stage liver disease (MELD)
score and the MELD-LDH score were also calculated. Both total LDH and LDH-M values were greater in non-
survivors than survivors, but there was no significant difference in prognostic metrics between them. Overall, total
LDH performed similarly to or modestly better than both LDH-M and the MELD. The MELD-LDH score also
performed somewhat better than the MELD.
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Figure 1: Graphical abstract

INTRODUCTION

Acute liver failure (ALF) is a rare but dire condition characterized by rapid deterioration of
hepatic function secondary to acute liver injury. Incidence varies between countries but is typ-
ically in the range of 1-15 cases per million persons per year (McGill, 2025). Despite its rela-
tively rare occurrence, however, it can be catastrophic — mortality is in the range of 20-40 % in
the US and similar countries and even higher elsewhere (Reuben et al., 2016; Thanapirom et
al., 2019; McGill, 2025).

New prognostics could improve management of ALF patients. An ideal prognostic would
have high sensitivity for death to identify all patients in need of a liver transplant for survival.
On the other hand, there is often a scarcity of transplantable livers and recipients face significant
risks that can also lead to death (Putignano et al., 2018; Karvellas et al., 2023; Moughames et
al., 2024). In addition, liver transplantation is expensive (Ufere et al., 2024). For these reasons,
an ideal prognostic would also have high specificity to avoid transplantation in patients who
can recover without it. Current prognostic indicators fall short. Some have high specificity but
low sensitivity (e.g. the King’s College Criteria [KCC]) while others usually have moderate
values for both (e.g. the Model for End-stage Liver Disease [MELD] score) (McGill, 2025). In
addition, these prognostics consist of multiple laboratory values and/or clinical observations,
which increases complexity and opportunities for error (McGill, 2025). A single biomarker is
likely preferable.

In a previous study, our analysis of serum from survivors and non-survivors of acetamino-
phen (APAP)-induced ALF revealed that total lactate dehydrogenase (LDH) activity can pre-
dict death and therefore the need for a transplant (Vazquez et al., 2022). We then verified those
results in a larger population with ALF that included other etiologies (Price et al., 2023). Inter-
estingly, however, LDH comprises five tetramers (LDH1-5) consisting of two repeating subu-
nits, LDH-M and LDH-H, that are encoded by separate genes, LDHA and LDHB, and our pro-
teomics data indicated that only LDH-M increased in non-survivors (Vazquez et al., 2022; Price
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et al., 2023). Based on that observation, we hypothesized that LDH-M is a better prognostic
biomarker in ALF than total LDH, which is likely a weighted average of the five tetramers
containing both enzymes. In the present study, we tested that hypothesis by comparing serum
LDH-M concentration and total LDH activity in a subset of samples from our earlier study of
APAP-induced ALF patients (Vazquez et al., 2022). Both metrics were also compared to the
MELD score as a common benchmark. Finally, the MELD-LDH score was also calculated and
compared with LDH and the standard MELD score.

MATERIALS AND METHODS

Human subjects approval

Samples, patient demographics, and clinical laboratory data were obtained from the Acute
Liver Failure Study Group (ALFSG) biorepository. Internal review board (IRB) approval was
obtained at each ALFSG study site and the study was conducted in accordance with the 1975
Declaration of Helsinki. Written informed consent was obtained from next of kin.

Patient samples

This study analyzed residual human serum samples from a larger set described in our prior
work (Vazquez et al., 2022). The subset consisted of samples from 21 transplant-free survivors
and 18 non-survivors of APAP-induced ALF that were collected on day 3 of admission to the
ALFSG. Day 3 was chosen because it is near the time of peak injury and peak LDH (Price et
al., 2023). The diagnosis of APAP-induced ALF was made by ALFSG site investigators. Diag-
nostic criteria included alanine aminotransferase (ALT) > 1,000 U/L, illness duration less than
26 weeks, hepatic encephalopathy, coagulopathy (INR > 1.5), and absence of chronic liver dis-
ease. Serum was separated by centrifugation at each ALFSG site and stored at —80 °C for later
distribution and use.

Clinical biochemistry

ALT, bilirubin (Bili), prothrombin time (PT), and international normalized ratio (INR) were
measured at ALFSG study sites using standard clinical laboratory methods. To determine LDH
activity in our laboratory, a kinetic assay that measures the loss of reduced nicotinamide ade-
nine dinucleotide (NADH) absorbance at 340 nm in the reaction mixture was used as described
previously (Vazquez et al., 2022). LDH-M concentration was measured using a commercially
available human LDHA ELISA kit from LSBio (Cat. No. LS-F4579, Newark, CA, USA), ac-
cording to the manufacturer’s instructions. Lack of cross-reactivity with LDH-H/LDHB and
with other lactate dehydrogenases was confirmed by the manufacturer (personal communica-
tion). MELD score was calculated as MELD = 9.6xIn(Creatinine) + 3.8xIn(bilirubin) +
11.2xIn(INR) + 6.4. The MELD-LDH score was calculated as MELD-LDH = -5.844 +
0.682xlog(LDH) + 2.702xlog(MELD).

Statistics

Mean results from survivors and non-survivors were compared using the Mann-Whitney U-
test in Prism v10.0 (GraphPad Software, Boston, MA). Receiver operating characteristic (ROC)
curve analyses were performed in R (R Foundation for Statistical Computing, Vienna, AUT)
using the fbroc package with 1,000 bootstrap resamples. The 95 % confidence intervals (CIs)
for sensitivity and specificity were calculated by bootstrapping with 1,000 resamples using cus-
tom scripts in R. Either McNemar’s test or a two-sample z-test was performed to determine if
the differences in sensitivity or specificity between LDH, LDH-M, or the MELD-LDH and the
MELD score were significant (p < 0.05).
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RESULTS

Patient demographics and laboratory values are provided in Table 1 and Supplementary
Table 1. Consistent with our earlier work, total LDH activity was significantly elevated in se-
rum from non-survivors compared to survivors (Figure 2A). Importantly, LDH-M was similarly
elevated in non-survivors (Figure 2B).

Table 1: Patient demographics and clinical laboratory values

Parameter S NS
Sample size 21 18
Age (median, range) 31 (19 - 61) 35 (20 — 67)
Sex (% F) 71 % 78 %
White, non-Hispanic: 20 White, non-Hispanic: 16
Race (#) Black: 1 Black: 1
Hispanic: 0 Hispanic: 0
Asian: 0 Asian: 1
ALT (U/L) (mean * SE)* 7488 £ 1035 6976 + 1001
INR (mean * SE)* 26+0.3 3.9+£0.1
Bili (mg/dL) (mean * SE)* 57+0.7 10.3+1.9
Creatinine (mg/dL) (mean * SE)* 29x0.6 3.7+£0.5

* Peak values. S, survivors. NS, non-survivors
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Figure 2: Total LDH activity and LDH-M concentration in serum samples from APAP-induced ALF pa-
tients. Serum samples from survivors (S) and non-survivors (NS) of APAP-induced ALF collected on
day 3 of study admission were acquired from the Acute Liver Failure Study Group biorepository. (A)
Total lactate dehydrogenase (LDH) activities. (B) LDH-M concentrations. Data are expressed as violin
plots. Solid lines represent mean values. **p < 0.01. ****p < 0.0001.
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To compare the prognostic value of total LDH and LDH-M, we performed ROC curve
analyses. Both biomarkers were significantly associated with death (Figure 3A), but there was
no difference between them. Their areas under the curve (AUCs) for both markers were also
similar to the MELD score (cutoff: 25) (Figure 3B). Interestingly, the AUC for the MELD-
LDH score outperformed all three (p-values in the range 0f0.010 to 0.023 for the comparisons).
We then determined the sensitivities and specificities of these biomarkers for death (Table 2)
at values greater than Youden’s Index J (LDH-M: 0.978 ng/mL; LDH: 456 U/L; MELD-LDH:
0.1). There were no major differences between LDH, LDH-M, and the MELD-LDH score.
However, the specificities of total LDH and the MELD-LDH were greater than the specificity
of the MELD score (p < 0.05). While the MELD tended to have greater sensitivity than any
other marker in this cohort, the differences in sensitivity between total LDH and the MELD
score and the MELD-LDH and the MELD score were not significant. Overall, the MELD-LDH
had the greatest accuracy, followed by total LDH activity (Table 2).
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Figure 3: Ability of total LDH, LDH-M, and the MELD score to predict death. Receiver operating char-
acteristic (ROC) curves for death for (A) total lactate dehydrogenase (LDH) (red) and LDH-M (blue) and
(B) the Model for End-stage Liver Disease (MELD) score. Shaded areas show the 95 % confidence
intervals (95 % CIs) around the lines. Area under the curve values with 95 % Cls are at the bottom of
each panel. Note that the MELD and MELD-LDH scores could only be calculated for 24 of the 39 pa-
tients.

Table 2: Clinical performance metrics

Indicator Sensitivity (95 % Cl)  Specificity (95 % CI) Accuracy
LDH 0.83 (0.65 — 1.00) 0.86 (0.68 — 1.00)* 0.85
LDH-M 0.72 (0.50 — 0.93)* 0.76 (0.57 — 0.94) 0.72
MELD 1.00 (1.00 — 1.00) 0.54 (0.27 — 0.82) 0.76
MELD-LDH 0.92 (0.71 — 1.00) 0.92 (0.75 — 1.00)* 0.92

Youden’s Index J: 456 U/L for LDH, 0.978 ng/mL for LDH-M. MELD cutoff: 25. MELD-LDH cutoff: 0.1. 95 % CI determined by
bootstrapping with 1,000 resamples. Note that MELD and MELD-LDH could only be calculated for 24 of the 39 samples. *p < 0.05
vs. MELD sensitivity. *p < 0.05 vs. MELD specificity.

334



EXCLI Journal 2026,25:330-338 —ISSN 1611-2156
Received: December 03, 2025, accepted: January 11, 2026, published: February 04, 2026

The finding that LDH-M performed like total LDH was consistent with our null hypothesis.
One possible explanation for this result is that LDH-H is also elevated in non-survivors, con-
trary to our earlier observation (Vazquez et al., 2022; Price et al., 2023). To test that possibility,
we measured LDH activity using a method known to favor LDH-1 (Bais and Philcox, 1994),
the tetramer composed primarily of LDH-H. Indeed, the results indicated that LDH-H is also
elevated in non-survivors (Figure 4). The discrepancy between these data and our earlier pro-
teomics data may be due to either the smaller sample size that we used for proteomics or a
difference in timing, as the samples in the prior work were from day 1 of ALFSG study admis-
sion instead of day 3. In either case, both LDH-M and LDH-H are elevated in non-survivors
compared to survivors overall.
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Figure 4: LDH-H activity in serum from APAP-induced ALF patients. Serum samples from survivors (S)
and non-survivors (NS) of APAP-induced acute liver failure (ALF) collected on day 3 of study admission
were acquired from the Acute Liver Failure Study Group biorepository. Lactate dehydrogenase H (LDH-
H) activities were measured. Data are expressed as violin plots. The p-value is shown.

DISCUSSION

The results from this study once again support the prognostic utility of circulating LDH
activity and the MELD-LDH score in ALF. We initially identified LDH as a prognostic bi-
omarker in 58 patients with APAP-induced ALF (Vazquez et al., 2022). We then confirmed
that observation through review of 170 patients with confirmed ALF of multiple etiologies and
an additional 68 with biochemical evidence of ALF (238 patients total) (Price et al., 2023).
Altogether, the data demonstrate that total LDH activity is a single biomarker that works about
as well as, or somewhat better than, the MELD to predict death in ALF patients. It also has the
advantage of being widely available in clinical laboratories. There is also some indication that
the MELD-LDH score may be even more useful than either LDH or the MELD score alone for
prognosis based on the ROC AUC.

Our prior proteomics data indicated that LDH-M may work better than total LDH for ALF
prognosis. In that study, we observed that LDH-M increased in serum from non-survivors while
LDH-H decreased (Vazquez et al., 2022; Price et al., 2023). Because total LDH is essentially a
weighted average of the two enzymes, we reasoned that the decrease in LDH-H could have
suppressed the prognostic utility of total LDH such that LDH-M alone would work even better.
The data from the present work indicate otherwise. LDH-M measured by ELISA performed no

335



EXCLI Journal 2026,25:330-338 —ISSN 1611-2156
Received: December 03, 2025, accepted: January 11, 2026, published: February 04, 2026

better than total LDH activity. In fact, we saw an increase in LDH-1 activity (which consists
primarily of LDH-H) in non-survivors, like total LDH.

Importantly, the association between LDH activity and death appears robust to methodol-
ogy. In our initial study of APAP-induced ALF patients (Vazquez et al., 2022) and in the pre-
sent study, we used a method that monitors NADH disappearance due to the LDH-catalyzed
reduction of pyruvate to lactate at neutral pH. On the other hand, the method used in our hospital
in our prior follow-up study (Price et al., 2023) is based on the more popular International
Federation of Clinical Chemistry (IFCC) method that measures NADH formation due to the
LDH-catalyzed oxidation of lactate to pyruvate at pH 9.4. In all studies, LDH activity was pre-
dictive of death about as well as the MELD score. The use of different methods as well as
different ALF etiologies between the two studies may also account for the difference in cutoff
(Youden’s Index J) between them. In this study and in our prior work with the larger group of
APAP patients (Vazquez et al., 2022; unpublished data), the optimal cutoff for total LDH was
around 450-500 U/L. However, in our study with more etiologies and using the IFCC method,
the optimal cutoff was around 2,000 U/L (Price et al., 2023). Thus, the methodology and patient
population should be considered when deciding on a prognostic threshold in future work.

It is not clear why LDH is associated with death in ALF while some enzymes like ALT are
not. We previously ruled out that LDH is a marker of multi-organ damage despite its ubiquitous
expression because our proteomics data showed a decrease in LDH-H — the non-liver form of
LDH - in non-survivors (Price et al., 2023). However, with the results from the present study,
we can no longer rule out that hypothesis. Total LDH may indeed be a marker of multi-organ
injury secondary to ALF. Importantly, multi-organ failure is a major cause of death in ALF
patients (Reuben et al., 2016) so that could explain why LDH is prognostic. In the context of
APAP-induced ALF, specifically, renal damage is a predictor of poor outcomes (Antoine et al.,
2015), and serum LDH is elevated by kidney injury (Green et al., 2017), so nephrotoxicity
could be part of the reason for the association between LDH and death. Consistent with that,
serum creatinine was higher in non-survivors here (Table 1). Another possible explanation is
increased hepatocellular expression of LDH during acute liver injury. Consistent with that hy-
pothesis, increased LDH staining has been reported in liver sections from ALF patients (Kotoh
et al., 2011). It is also possible that there is simply more LDH within hepatocytes than there is
ALT such that ALT release is exhausted in non-survivors while LDH release continues, leading
to greater LDH levels in blood when injury is worse. In any case, it is apparent that LDH and
the MELD-LDH score are useful prognostics in ALF.

Importantly, this study has notable limitations. The study population was relatively small.
A larger study could yield different results for LDH-H. In addition, the study was limited to
APAP-induced ALF. The results for LDH-H and the comparison of LDH-H with LDH-M and
the MELD score may differ for other etiologies. Additional research would be helpful to ad-
dress these issues.

Overall, serum LDH and the MELD-LDH score are promising prognostic biomarkers in
ALF, regardless of the method of LDH measurement. Future studies should further verify the
utility of LDH and determine consistently effective cutoff values across ALF etiologies. It could
also be interesting to test the combination of LDH with other prognostic markers, like alpha-
fetoprotein (McGill and Jaeschke, 2018), glutamate dehydrogenase (McGill et al., 2014), cer-
tain bile acids (Woolbright et al., 2014), CXCL14 (Umbaugh et al., 2024), angiopoietin-2 (Um-
baugh et al., 2025), carbamoyl phosphate synthetase 1 (Kwan et al., 2023), and several others
(McGill and Jaeschke, 2018; McGill, 2025).
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